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Investigating mechanisms controlling melanoma setup, development and progression
is currently an extremely hot and rapidly evolving topic. Immunotherapy- and target
therapy-based approaches are expected to substantially improve the survival in melanoma,
as well as several other cancer types, changing the prognosis in many cancer patients. This
is fostering a large interest in the detailed analysis of melanoma underlying mechanisms,
to support the identification of more effective markers and therapeutic approaches. The
Special Issue published in 2020–2021 by Cancers, entitled “Advances and Novel Treatment
Options in Metastatic Melanoma”, collects 24 manuscripts from Authors working in several
different Institutions acting in different nations. According to the official page (https://www.
mdpi.com/journal/cancers/special_issues/metastatic_melanoma, accessed on 18 January
2022), the Special Issue raised a very high interest in readers, and the number of views and
citations of each manuscript is constantly increasing. The Special Issue addresses, under
different aspects, the biology of melanoma and the way it affects its onset, development,
and response to therapy. Manuscripts can be categorized under three main fields, namely:
(1) mechanisms underlying melanoma setup and development, (2) melanoma therapeutic
approaches, and (3) melanoma biomarkers.

An overview of each manuscript is reported below.

1. Mechanism Underlying Melanoma Setup and Development

Recently, there have been discoveries of new factors involved in melanoma progression
and response to therapy, and their potential as pharmacologic targets. Among these, the
myristoylated alanine-rich c-kinase substrate, MARCKS, which in addition to its role
as an indicator of the protein kinase C activity, also plays a pivotal role as regulator
of the metastatic behaviour of melanoma through its activation by WNT5A [1]. Also,
BCL2L10, an antiapoptotic protein belonging to the bcl-2 family, has been identified both in
melanoma cell lines and tumor samples, and its role as a pro-survival factor in melanoma
has been reported [2]. Blockade of carbonic anhydrases XII (CAXII) under low oxygen
condition induced a negative effect on melanoma cell migration and invasion, paralleled by
a reduction of FAK phosphorylation and metalloprotease activities, thus suggesting CAXII
as a possible therapeutic target for melanoma [3].

Melanoma pathobiology and response to target therapy or immunotherapy strictly
depends on cells present in the tumor microenvironment (TME), such as fibroblasts,
endothelial and immune cells [4]. A dynamic crosstalk between tumor cells and stroma
plays a fundamental role in melanoma initiation, progression and metastasis [5]. TME
affects melanoma progression also through the presence of basic or acidic extracellular
matrix components released by melanoma or stromal cells. To this regard, in metastatic
melanoma patients, plasmacytoid dendritic cells (pDCs), which play a relevant function in
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the anti-tumor immune response, are strongly impaired in terms of viability and function
by lactic acidosis. BRAF (BRAFi) and MEK (MEKi) inhibitors partially rescued pDCs
function in melanoma patients carrying BRAFV600 mutations [6].

Even if several mechanisms of intrinsic and acquired resistance to melanoma treatment
have been identified, resistance still remains a threat for melanoma patient’s survival [7].
Cancer stem cells (CSCs) represent one of the causes for development of resistance, thus
contributing to the disease relapse following an initial response. A bioinformatic approach
led to the identification of four major clusters of CSCs in BRAF mutated melanoma [8].

2. Melanoma Therapeutic Approaches

Treatment of metastatic melanoma still represents a challenge due to rapid dissem-
ination and drug resistance. In the last decade, many novel therapeutic options have
been developed and others are ongoing with important improved outcomes for patients.
Major results are based on target- and immuno-therapies, including the option of novel
combination treatments.

In the era of precision medicine, the first important novelty was represented by
BRAF inhibitors acting on BRAF-mutated melanoma cells to selectively inhibit the MAPK
pathway. More recent data evidenced the relevance of the immunomodulatory effects of
BRAFi, including the capability to increase levels of immunostimulatory cytokines and
decrease the immunosuppressive ones, enhance melanoma differentiation and presentation
of tumor antigens, paralleled by increased intra-tumoral T-cell infiltration and activity [9].
Looking at adverse events, evaluated in the BRAFi plus MEKi combination, beside the
most common pyrexia, fatigue, nausea, rash and hypertension, patients showed arthralgia.
More than 30% of the treated patients reported arthralgia mostly affecting small joints and
resembling symptoms associated with rheumatoid arthritis. It is interesting to note that
occurrence of arthralgia was often associated with a better prognosis [10]. Going further in
the development of additional strategies, promising approaches are based on the inhibition
of protein tyrosine phosphatases, also in view of the effects on tumor infiltrates [11],
and on the molecular targeting of the human antigen R (HuR), which stabilizes several
oncoproteins. Interestingly, HuR inhibition in melanoma exhibited antitumor activity
independently from the BRAF mutational status [12].

Based on recent progress in nanotechnology, nanoparticles represent another important
therapeutic approach now moving to therapy. Indeed, nanovesicles can be loaded with
a therapeutic cargo and modified in order to improve their entry and accumulation into
the tumor, in turn preventing their content from degradation [13]. In addition, novel
approaches based on so called “smart nanoparticles” are now under clinical trials in
melanoma patients. These nanoparticles display higher affinity for melanoma components
reducing toxic effects and aspecific targeting [14]. A growing interest is now based on
natural products as antineoplastic drugs. Among them, promising results are showing the
effectiveness of essential oil as complementary or alternative drugs for several diseases and
as factors improving quality of life of cancer patients [15].

More complex is treatment of advanced mucosal and uveal melanomas still lacking
effective therapeutic options. In advanced mucosal melanoma, immunotherapy and radio-
therapy results, based on retrospective studies, showed the efficacy of anti-PD1 antibodies
and the beneficial effects of combination with radiotherapy. Even so, median overall sur-
vival was 16.3 months [16]. Seemingly, the situation for uveal melanoma shows survival
rates of approximately one year for nearly 50% of patients [17].

3. Melanoma Biomarkers

In the Special Issue several studies address the identification of markers able to ef-
fectively characterize melanoma patients. In the study published by Cesati et al. [18], the
protein and gene expression of 27 cytokines, has been evaluated in the serum and in the
tissue biopsies, respectively, of hundreds of patients and healthy controls. Different statisti-
cal approaches were applied leading to the identification of molecules in the serum able
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to significantly characterize patients vs. controls, as well as patients as function of gender
and Breslow thickness. A striking feature is reported at the gene expression level. In fact,
this study identifies, for the first time, a 4-gene signature able to discriminate patients form
controls, with an extremely high accuracy (AUC = 0.98). A study by Aladowicz et al. [19]
investigated metastatic melanoma, addressing metastasis-specific traits and metastasis-
specific signaling pathways. From a patient derived xenografts collection, authors study
the role of the adaptor protein ShcD, reporting its role in controlling melanoma spreading
and its adhesion to the extracellular matrix. Overexpression of this factor has been found
to increase melanoma cells movement via RAC1 signaling and DOCK4 confinement in the
cytoplasm. Therefore, ShcD expression values are proposed to be investigated to predict
the metastatic potential of melanoma cells. Metastatic features of melanoma cells were also
related to the expression of the two-pore channel 2 (TPC2) [20]. The study shows that TPC2
knockout enhances metastatic potential of the melanoma cells consistently to increased
expression of ZB-1, Vimentin, N-Cadherin and MMP9, and indicates the involvement
of ORAI1/Ca2+/PKC-βII pathway. The study shows that TPC2 reduction observed in
metastatic patients opens new diagnostic hypotheses in metastatic patients. The manuscript
by Pilla et al. [21] reviews the current status of investigation on biomarkers useful for
melanoma patients stratification and to predict patients’ responsiveness to therapy and
other clinical outcomes. Biomarkers discussed belong to the classical melanoma-related
markers, as well as to immune factors, microbiome-related molecules, mutations status,
microenvironment-derived molecules, circulating DNA and others. The manuscript also
discusses how biomarkers investigation may help the understanding of molecular basis of
melanoma and the identification of new therapeutic approaches. The review by Lucianò
and Tata [22] summarizes and points out recent findings regarding the role of cholinergic
receptors outside the nervous system, namely in controlling the proliferation, apoptosis,
angiogenesis, and epithelial mesenchymal transition in different cancer types including
melanoma. The role of such receptors is also discussed in controlling metastatic features of
melanoma. The review by Sacco et al. [23] highlights the role of circulating DNA in both
early melanoma diagnosis and in the clinical management of more advanced phases. In fact,
evaluation of circulating DNA can monitor aggressiveness of the resected melanoma, as
well as minimal residual disease, recurrence, clinical progression, response and resistance
to therapy. The importance of biomarkers such circulating DNA is also highlighted for pa-
tients stratification purposes. Finally, the review by Bellenghi et al. [24] underlines sex- and
gender-related diversities in melanoma patients. The manuscript also highlights different
incidence, anatomic localization, expression of sex-hormones as well as different expression
of immune related genes located on the X chromosome. Additional evidences are discussed
since different response to immunotherapy are reported, showing better improvements
in men than in women. Such data highlight the possible consequences of unbalanced
recruitment in clinical studies addressing the efficacy of new immunotherapy approaches.

Funding: The research leading to these results has received funding from AIRC under IG 2020-ID.
24315–P.I. Del Bufalo Donatella, and from Ministry of Health Italy, RC.3.4 2021 to Antonio Facchiano.

Conflicts of Interest: The authors declare no conflict of interest.
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Simple Summary: The human antigen R (HuR) protein regulates the expression of hundreds of
proteins in a cell that support tumor growth, drug resistance, and metastases. HuR is overex-
pressed in several human cancers, including melanoma, and is a molecular target for cancer therapy.
Our study objective, therefore, was to develop HuR-targeted therapy for melanoma. We identi-
fied that HuR regulates the microphthalmia-associated transcription factor (MITF) that has been
implicated in both intrinsic and acquired drug resistance in melanoma and is a putative therapeutic
target in melanoma. Using a gene therapeutic approach, we demonstrated silencing of HuR reduced
MITF protein expression and inhibited the growth of melanoma cells but not normal melanocytes.
However, combining HuR-targeted therapy with a small molecule MEK inhibitor suppressed MITF
and produced a synergistic antitumor activity against melanoma cells. Our study results demonstrate
that HuR is a promising target for melanoma treatment and offers new combinatorial treatment
strategies for overriding MITF-mediated drug resistance.

Abstract: Background: Treatment of metastatic melanoma possesses challenges due to drug resistance
and metastases. Recent advances in targeted therapy and immunotherapy have shown clinical
benefits in melanoma patients with increased survival. However, a subset of patients who initially
respond to targeted therapy relapse and succumb to the disease. Therefore, efforts to identify
new therapeutic targets are underway. Due to its role in stabilizing several oncoproteins’ mRNA,
the human antigen R (HuR) has been shown as a promising molecular target for cancer therapy.
However, little is known about its potential role in melanoma treatment. Methods: In this study,
we tested the impact of siRNA-mediated gene silencing of HuR in human melanoma (MeWo,
A375) and normal melanocyte cells in vitro. Cells were treated with HuR siRNA encapsulated in a
lipid nanoparticle (NP) either alone or in combination with MEK inhibitor (U0126) and subjected
to cell viability, cell-cycle, apoptosis, Western blotting, and cell migration and invasion assays.
Cells that were untreated or treated with control siRNA-NP (C-NP) were included as controls. Results:
HuR-NP treatment significantly reduced the expression of HuR and HuR-regulated oncoproteins,
induced G1 cell cycle arrest, activated apoptosis signaling cascade, and mitigated melanoma cells’
aggressiveness while sparing normal melanocytes. Furthermore, we demonstrated that HuR-NP
treatment significantly reduced the expression of the microphthalmia-associated transcription factor
(MITF) in both MeWo and MITF-overexpressing MeWo cells (p < 0.05). Finally, combining HuR-NP
with U0126 resulted in synergistic antitumor activity against MeWo cells (p < 0.01). Conclusion:
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HuR-NP exhibited antitumor activity in melanoma cells independent of their oncogenic B-RAF
mutational status. Additionally, combinatorial therapy incorporating MEK inhibitor holds promise
in overriding MITF-mediated drug resistance in melanoma.

Keywords: melanoma; HuR; MITF; metastases; siRNA; targeted therapy; nanoparticles

1. Introduction

Melanoma is the most aggressive form of skin cancer and is associated with the high-
est mortality. An estimated 100,350 new melanoma cases (60,190 in men and 40,160 in
women) are expected to be diagnosed in 2020 in the United States, and roughly 8% of
these patients are expected to die of the disease [1]. The treatment option depends on
the stage of melanoma. Primary tumors and patients with limited loco-regional metas-
tases are resected. Advanced metastasized patients received systemic therapy with im-
munotherapy or targeted therapy. Targeted therapies for melanoma include small molecule
inhibitors towards B-RAFV600 and MEK kinases (e.g., Vemurafenib, Dabrafenib, Trametinib,
Cobimetinib and Binimetinib) that have been tested as monotherapy or combination treat-
ments [2–5]. B-RAFV600 mutation, which is very common among melanoma patients,
leads to constitutive activation of the mitogen-activated protein kinase (MAPK), leading to
the proliferation and growth of melanoma cells [6,7]. Despite the clinical efficacy of
B-RAFV600/MEK targeted inhibitors, a large subset of melanoma patients develop resis-
tance due to the reactivation of other elements of the MAPK or the PI3K pathway and
receptor tyrosine kinases (e.g., c-KIT) [8–11]. Therefore, a combination of B-RAFV600 and
PI3K inhibitors were tested, but the clinical trial (NCT01616199, NCT01512251) showed
no significant improvement of efficacy [12–14]. Although B-RAF/MEK combination ther-
apy strategies have shown improvement in therapeutic outcomes, the development of
acquired resistance is still a concern [15]. In addition to targeted therapy, immune therapy
has gained attention as a promising therapeutic strategy for metastatic melanoma [16].
Recent advancements in immunotherapy for melanoma include the blockade of immune
checkpoint proteins (ICPs), Programmed Death-1 (PD-1), Programmed Death-Ligand 1
(PD-L1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). Disrupting the in-
teraction between the immune checkpoint proteins results in reactivating the immune
system and eliminating tumor growth [17–19]. Despite the success of immunotherapy,
obstacles still exist, including the inability to predict the treatment efficacy and develop-
ment of resistance as well as the occurrence of immune-related adverse events (irAEs).
Thus, challenges in effectively treating metastatic melanoma continue warranting testing
of inhibitors against new therapeutic targets.

HuR is an RNA binding protein encoded by the embryonic lethal, abnormal vision
like 1 (ELAVL1) gene located on chromosome 19p13.2 [20]. HuR protein binds the adeny-
late/uridylate (AU)- and U-rich elements (AREs) in the untranslated region (UTR) of
mRNAs [21]. HuR stabilizes and shuttles mRNAs from the nucleus to the cytoplasm where
they are translated. HuR has been shown to regulate the expression of many transcripts
whose products are oncoproteins [22]. Therefore, overexpression of HuR in many can-
cer types, including oral, colorectal, gastric, lung, breast, ovarian, renal, and melanoma,
has been identified and correlated with poor prognosis [23–29]. Consequently, HuR has
gained attention as a target for cancer therapy. In recent years, our lab and others have
demonstrated that the downregulation of HuR using small interfering RNA (siRNA) and
small molecule inhibitors results in a global knockdown of proteins involved in cancer
growth and metastases, consequently leading to suppression of tumor growth both in vitro
and in vivo [30–38]. However, the role of targeting HuR and the effect of its inhibition on
melanoma cell growth has not been reported.

In this study, we examined the inhibitory effect of human HuR-specific small inter-
fering RNA (HuR-siRNA) encapsulated in a lipid nanoparticle (NP) on HuR in human
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melanoma cell lines in vitro. Our study showed that inhibiting HuR reduced HuR-regulated
oncoproteins, including MITF, inhibited cell proliferation and cell cycle, diminished melanoma
cell’s migration and invasion, and culminated in apoptotic cell death. Additionally,
combinatorial therapy of HuR-NP and MEK1/2 inhibitor, U0126, produced synergis-
tic anticancer activity compared to individual treatments. In conclusion, HuR-targeted
monotherapy and combinatorial therapy with MEK1/2 inhibitor is a new approach for
melanoma treatment.

2. Materials and Methods
2.1. Cell Lines

Human melanoma cell lines (MeWo, A375, SK-MEL3, and WM39) and primary human
melanocytes were obtained from the American Type Culture Collection (ATCC, Rockville,
MD, USA). The cell lines were authenticated to be of human origin by single tandem repeat
assay (STR; IDEXX Bioresearch, Columbia, MO, USA). Melanoma cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM), and Minimum Essential Medium (MEM)
supplemented with 10% fetal bovine serum (FBS; Sigma Aldrich, St. Louis, MO, USA)
and 1% penicillin/streptomycin. Melanocytes (ATCC) were maintained in Dermal Cell
Basal Medium (DCBM) supplemented with Melanocyte Growth Kit (ATCC). The passage
number of the melanoma cell lines used in this study ranged from 4 to 35. The passage
number of melanocytes used in the study ranged from 3 to 8.

For generating MeWo-EGFP and MeWo-MITF cell line, MeWo cells seeded in six-well
plates were stably transfected with 2 µg of pEGFP × 2-N1 (Empty vector), and pEGFP-
N1-MITF-M plasmid (Addgene, Watertown, MA, USA) encapsulated in a cationic lipid
nanoparticle (NP). At 72 h after transfection, neomycin (G418; 400 µg/mL) (Sigma Aldrich)
was added to the cells and selected for fourteen days. The surviving cell colonies were
trypsinized, expanded, and maintained in neomycin (100 µg/mL) and used for experiments
presented in this study.

2.2. Synthesis and Preparation of siRNA Containing Nanoparticles

The lipid-based cationic DOTAP:cholesterol nanoparticles (NP) formulation that com-
prises cationic DOTAP:cholesterol was synthesized and characterized as previously de-
scribed [30,32,39–41]. The NPs were used to encapsulate human HuR-specific siRNA
(Dharmacon, Lafayette, CO, USA) and scrambled control siRNA as previously described [30,32]
and labeled as HuR-NP and C-NP, respectively, and used in the present study.

2.3. Cell Viability Assay

Trypan blue exclusion assay method was used to test the cytotoxic effect of HuR-siRNA
containing nanoparticles (HuR-NP) as previously described [30,32,41]. Briefly, cells (MeWo,
7 × 104 cells/well; A375, 1 × 105 cells/well; melanocytes, 2 × 105 cells/well) were seeded
in six-well plates and incubated overnight in a CO2 incubator at 37 ◦C. The following
day, the tissue culture medium from the plates was replaced with an appropriate fresh
serum-free culture medium and treated with nanoparticles (NP) containing HuR-specific
siRNA (100 nM; HuR-NP) or scrambled siRNA (100 nM; C-NP). At six hours after HuR-NP
and C-NP treatment, the culture medium was replaced with fresh 2% serum containing
culture medium, and incubation continued. At 24 h and 48 h after treatment, the cells
were harvested, and the number of viable cells in each treatment group was determined.
Cells that did not receive any treatment served as control. The results were expressed as
the percentage of viable cells over untreated control cells. The experiments were repeated
at least three separate times for reproducibility and were analyzed using appropriate
statistical methods.

For testing the inhibitory activity of HuR-NP treatment on MeWo-MITF cells, cells were
seeded in six-well plates and treated with HuR-NP and C-NP (100 nM siRNA). All other ex-
perimental conditions, including end-point analysis, were similar to those described above.
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For determining the combinatorial treatment effect of HuR-NP and MEK inhibitor
(U0126), MeWo or MeWo-MITF cells (7 × 104) seeded in six-well plates were treated
with DMSO, C-NP, HuR-NP (100 nM siRNA), U0126 (20 µM; Cell Signaling Technology
Inc., Beverly, MA, USA), C-NP plus U0126, and HuR-NP plus U0126. The treatment
protocol was as follows: cells were first treated with C-NP and HuR-NP for six-hours in
a serum-free culture medium. After six hours, the culture medium was replaced with a
2% FBS-containing culture medium, and U0126 was added. Cells were harvested at 24 h
and 48 h post-treatment and analyzed for cell viability by trypan blue assay and molecular
markers by Western blotting. The combination treatments’ synergistic inhibitory effect was
analyzed using SynergyFinder 1.0 tool [42].

2.4. Quantitative (q) RT-PCR Assay

Total RNA from HuR-NP- and C-NP-treated cells and untreated control cells were iso-
lated using Trizol reagent (Life Technologies, Grand Island, NY, USA), and the RNA quality
was determined using Denovix DS11 spectrophotometer. Complementary DNA (cDNA)
was synthesized from 1 µg RNA/sample using a QuantScript cDNA synthesis kit (Bio-Rad,
Richmond, CA, USA). An amount of 3 µg of synthesized cDNA, quantified using Denovix
DS11 spectrophotometer, was subjected to real-time quantitative reverse transcriptase
(qRT)-PCR (Bio-Rad CFX96™TouchReal-Time PCR Detection System; Richmond, CA, USA)
using the premix iQ SYBR green qRT-PCR kit (Bio-Rad) as previously described [30,41].
The oligonucleotide primers (Integrated DNA Technology, Coralville, IA, USA) and their
sequences for the amplification of HuR, BCL-2, and 18S RNA are shown below.

Human HuR
Forward—5′ATGAAGACCACATGGCCGAAGACT 3′

Reverse—5′ TGTGGTCATGAGTCCTTCCACGAT 3′

Human BCL-2
Forward—5′ ATG TGT GTG GAG AGC GTC AA 3′

Reverse—5′ ACA GTT CCA CAA AGG CAT CC 3′

Human 18S
Forward—5′ tagtagggacgggcggtgtg 3′

Reverse—5′ cagccacccgagattgagca 3′

The PCR cycling parameters and all other experimental conditions followed have
previously been described [41]. The cycle threshold (Ct) value assessed by qRT-PCR was
calculated for the transcripts and was normalized to a housekeeping gene. The changes in
mRNA expression levels were expressed as fold change relative to control. Each sample
was run in triplicate. The experiments were repeated at least three times for reproducibility
and subjected to statistical analysis.

2.5. Western Blotting

Total cell lysates prepared from treated and untreated cells were harvested at defined
time-points and subjected to Western blotting analysis as previously described [30,32,41].
Primary antibodies were purchased from commercial vendors and used for detecting
human HuR, p27, BCL-2, alpha-tubulin (Santa Cruz Biotechnology, Dallas, TX, USA),
cyclin D1, cyclin E1, HIF1-α, MITF, VEGF-A, Caspase-9, and PARP (Cell Signaling Tech-
nology Inc., Beverly, MA, USA) and beta-actin (Sigma Aldrich, St. Louis, MO, USA).
Protein bands were detected using appropriate horseradish peroxidase (HRP)-tagged
secondary antibodies (Santa Cruz Biotechnology) and an enhanced chemiluminescence
kit (Thermo Scientific, MA, USA). Protein expression levels were detected on a chemi-
luminescence imaging system (Syngene, Frederick, MD, USA), and the relative protein
expression compared to beta-actin or alpha-tubulin was quantified using Gene Tools soft-
ware (Syngene) as previously described [30,32,41]. Experiments were repeated at least three
separate times for reproducibility, and the data were analyzed for statistical significance.
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2.6. Cell Cycle Analysis

Melanoma cells (MeWo, 4 × 104 cells/well, and A375, 6 × 104 cells/well) and
melanocytes (2 × 105 cells/well) seeded in six-well plates were treated with HuR-NP
and C-NP (100 nM siRNA). At 24 h and 48 h after treatment, the cells were harvested and
washed with PBS, then fixed in absolute ice-cold ethanol for 30 min, followed by washing
2 times with PBS. Fixed cells were then resuspended in cell staining buffer (Invitrogen,
Carlsbad, CA, USA) at a concentration of 2 × 105 cells/mL, and 100 µL of the cell suspen-
sion was incubated with 1 µL of 100 µg/mL propidium iodide (PI) (Invitrogen, Carlsbad,
CA, USA) for 15 min at room temperature. The final washing was performed with PBS to
wash out the unbound PI. Cells were subsequently subjected to flow cytometric analysis,
as previously described [30,31]. Cells not receiving any treatment served as untreated
controls. Experiments were conducted at least three separate times for melanoma cells and
two times for melanocytes and subjected to statistical analysis. The data represented are
the averages of two experiments.

2.7. Annexin V Assay

Cells seeded in six-well plates (MeWo, 4× 104 cells/well, and A375, 6× 104 cells/well)
were treated with HuR-NP and C-NP (100 nM siRNA). At 24 h and 48 h after treatment,
cells were harvested and stained with annexin V conjugated to fluorescein isothiocyanate
(FITC) and propidium iodide (PI) using a dead cell apoptosis kit (Invitrogen) according
to the manufacturer’s protocol. Briefly, harvested cells were suspended in annexin V
binding buffer at a concentration of 2 × 105 cells/mL, and 100 µL of the cell suspension
was incubated with 5 µL of annexin V FITC and 1 µL of 100 µg/mL PI for 15 min of
at room temperature. At the end of the incubation, the cells were processed and sub-
jected to flow cytometric analysis (FACSCaliburTM; BD Biosciences, Bedford, MA, USA).
The number of viable (annexin V- and PI-negative), early apoptotic (annexin V-positive
and PI-negative), and dead (annexin V- and PI-positive) cells was determined at excitation
488 nm and emission 530 nm using the Cell Quest software (FACSCaliburTM; BD Bio-
sciences). Cisplatin (CDDP; 1 µg)-treated cells served as a positive control, and the cells
receiving no treatment served as a negative control. The results were plotted as the percent-
age of cells undergoing apoptosis. Experiments were repeated three times and subjected to
statistical analysis.

2.8. Cell Migration and Invasion Assay

Cell migration was carried out as previously described [32,43]. Briefly, MeWo cells
(3 × 104) were seeded in the upper chamber of 8 µm transwell (BD Biosciences) and placed
in individual wells of a six-well plate filled with 1 mL of serum-free RPMI-1640 medium.
At 24 h after seeding, the cells in the upper chamber were transfected with HuR-NP
and C-NP (100 nM siRNA) in a serum-free medium. After 6 h of transfection, the upper
and lower chambers’ medium was replaced with 2% and 20% serum-containing media,
respectively. Incubation was continued, and the experiment was terminated at 24 h and 48 h
after transfection, at which time the inserts were removed and stained with crystal violet
(Sigma Aldrich). The number of cells migrated to the lower chamber was counted using an
inverted bright-field microscope, and the results were expressed as an average number of
migrated cells per microscopic field and subjected to statistical analysis. The experiment
was performed at least two separate times to ensure reproducibility.

Cell invasion assay was performed using Matrigel-coated 8 µm transwell chambers
(BD Biosciences) as previously described. All of the experimental conditions and parame-
ters followed were the same as described above for the cell migration assay. The number of
invading cells to the lower chamber was counted using an inverted bright-field microscope,
and the results were expressed as an average number of invaded cells per microscopic field
and subjected to statistical analysis. The experiment was performed at least two separate
times to ensure reproducibility.
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2.9. Statistics

The study results were subjected to statistical analysis using SAS 9.4 statistical analysis
software. Continuous outcome variables are summarized with means and standard devia-
tions. One-way ANOVA model with Tukey’s adjusted p-values was used to assess all pair-
wise comparisons. Adjusted p-values less than 0.05 were considered statistically significant.

3. Results
3.1. Genetic Knockdown of HuR Inhibited Cell Growth in Melanoma

To validate HuR as a potential target for melanoma therapy, we first examined the
expression pattern of HuR in a panel of human melanoma cell lines (A375.S2, WM39,
SK-MEL-3, OCM-1, A375, WM1316A, OMM2.3, and MeWo) and primary normal human
melanocytes. Our data revealed high HuR expression in all the melanoma cell lines exam-
ined and were independent of the B-RAF mutation status compared to HuR expression in
melanocytes (Figure S1). For all of the remaining studies, we selected MeWo (B-RAFwt)
and A375 (B-RAFV600E) as representative cell lines for melanoma and used melanocytes
as control. Genetic knockdown of HuR using HuR-NP resulted in the attenuation of HuR
mRNA in both MeWo and A375 cell lines at 24 h and 48 h (Figure 1A; p < 0.05).
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In melanocytes, HuR mRNA was also reduced upon HuR-NP treatment compared
to C-NP and untreated control cells. However, the mRNA reduction in HuR-NP-treated
melanocytes was markedly less compared to HuR-NP-treated melanoma cells. Next,
we tested the inhibitory effect of HuR-NP treatment on the cell viability of melanoma cells
and melanocytes. HuR-NP-treated MeWo cells showed approximately 25% and 45% inhibi-
tion at 24 h and 48 h, respectively, compared to C-NP-treated and untreated control cells
(Figure 1B; p < 0.05). Similarly, HuR-NP treatment of A375 reduced cell viability up to 17%
and 28% at 24 h and 48 h, respectively, compared to C-NP and untreated control (p < 0.05).
To ensure the efficacy of HuR-NP is not limited to two melanoma (MeWo and A375) cell
lines, cell viability was also evaluated in HuR-NP-treated SK-MEL-3 and WM39 melanoma
cell lines. As shown in Figure S2, HuR-NP treatment significantly reduced SK-MEL-3
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and WM39 cell viability at both 24 h and 48 h compared to C-NP-treated and untreated
control cells. On the other hand, the treatment of melanocytes with HuR-NP exhibited a
6% and 10% reduction in cell viability at 24 h and 48 h, respectively, compared to C-NP and
untreated controls (Figure 1B; p > 0.05). These results indicated that HuR-NP treatment,
albeit reducing HuR mRNA in both melanoma cells and melanocytes, exerted selective
and greater inhibitory activity on melanoma cell growth than in melanocytes.

3.2. Genetic Knockdown of HuR Using HuR-NP Reduced the Expression of HuR and
HuR-Regulated Oncoproteins in Melanoma Cell Lines but Not in Melanocytes

HuR is known to stabilize many transcripts whose products are oncoproteins. To de-
termine the role of HuR-NP treatment on the HuR target-oncoproteins, total cell lysates
prepared from melanoma (MeWo, A375) cells and melanocytes receiving various treatments
were examined by Western blot analysis. HuR-NP treatment significantly diminished pro-
tein expression of HuR, Cyclin D1, Cyclin E1, BCL-2, HIF1-α, VEGEF-A, and an increased
expression of p27 at both 24 h and 48 h in melanoma cell lines (Figure 2 and Figure S3;
p < 0.05). A similar observation of HuR silencing, resulting in BCL-2 reduction, was ob-
served in SK-MEL-3 and WM39 melanoma cell lines (Figure S2).
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Figure 2. HuR-NP downregulates the expression of HuR and HuR-regulated proteins. Expression of HuR and HuR-
regulated proteins in melanoma cell lines (MeWo, A375) and melanocytes at 24 h and 48 h after treatment with either C-NP
or HuR-NP. Untreated cells served as control. β-actin and α-tubulin were used as loading controls.

We did not analyze for additional protein markers in SK-MEL-3 and WM39 melanoma
cells that were examined in MeWo and A375 cells. Intriguingly, although HuR-NP treat-
ment reduced HuR protein in melanocytes, no significant reduction in the expression of
Cyclin E1, Cyclin D1, and p27 was observed (Figure 2 and Figure S3). The molecular
mechanism for the observed differences in HuR-mediated downregulation of its targets
between melanoma cell lines and melanocytes is unclear and warrants further investiga-
tion. Together, these results indicated that melanoma cell lines independent of the B-RAF
mutational status were highly sensitive and responded to HuR-NP treatment compared
to melanocytes.

3.3. Genetic Knockdown of HuR Induced G1 Cell Cycle Arrest in Melanoma

Since HuR knockdown reduced cyclin D1 and cyclin E1 and concomitantly increased
the expression of p27, we evaluated the cell cycle profile of melanoma (MeWo and A375)
and melanocytes with and without the HuR-NP exposure. Our results demonstrated that
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HuR-NP treatment significantly enriched the MeWo and A375 melanoma cells in the G1
phase of the cell cycle compared to C-NP-treated and untreated control cells (Figure 3).
In HuR-NP-treated MeWo cells, an increase of 9% and 11% of cells in the G1 phase was
observed at 24 and 48 h, respectively, compared to untreated and C-NP-treated cells
(p < 0.05). In A375, about 5% and 8% increase in the number of cells in the G1 phase at
24 h and 48 h, respectively, was observed upon HuR-NP treatment compared to untreated
and C-NP-treated cells (p < 0.05). However, HuR-NP did not alter the cell cycle phases
in melanocytes at 24 h and 48 h after treatment. Our results revealed that the HuR-NP
treatment selectively induced a G1 phase cell-cycle arrest in melanoma cells but not in
melanocytes and concurred with previous results reported for other solid tumors [30,31,44].
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3.4. Genetic Knockdown of HuR in Melanoma Cells Activated the Apoptosis Cascade

To establish whether the reduction in anti-apoptotic protein BCL-2 in the HuR-NP-
treated melanoma cells resulted in apoptosis, Western blot analysis for apoptotic pro-
teins was performed. Cleavage of caspase-9, an indicator of activation of the caspase
cascade, was greatly increased in both MeWo and A375 melanoma cells treated with
HuR-NP compared to C-NP-treated and untreated control cells (Figure 4A and Figure S4).
Accompanied by caspase 9 activation was the cleavage of its substrate, PARP. No signifi-
cant activation of caspase-9 and PARP cleavage was observed in melanocytes following
treatment with HuR-NP compared to HuR-NP-treated MeWo cells (Figure S5A,B).

Correlating with caspase activation in the melanoma cells was a significant increase
in annexin-V-positive staining in HuR-NP-treated MeWo cells at 24 h (16% increase over
controls) and 48 h (12% increase over controls), respectively, compared to C-NP-treated
and untreated cells (Figure 4B; p < 0.05). In A375 cells, HuR-NP-treated cells showed a 25%
and 33% increase in annexin-V-positive staining over controls at the two time-points tested
(Figure 4B; p < 0.05). Cisplatin (CDDP; 10 µg)-treated cells were used as a positive control
in the annexin V assay. The ability of HuR-NP treatment inducing apoptosis in melanoma
cells but not in melanocytes is in agreement with prior reports showing HuR inhibition in
tumor cells but not in normal cells results in apoptotic cell death [30,31,44].
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3.5. Genetic Knockdown of HuR Inhibited Melanoma Cell Migration and Invasion

Migration and invasion are critical events in tumor metastases [45,46]. Previous stud-
ies have shown that HuR inhibition reduced tumor cell migration and invasion [30–32].
Therefore, we investigated the HuR-NP inhibitory effect on melanoma migration and inva-
sion. HuR-NP treatment significantly reduced the number of migrated MeWo cells by 55%
and 65% over C-NP-treated and untreated control cells at 24 h and 48 h, respectively (Figure 5A;
p < 0.05). Similarly, testing the HuR-NP inhibitory effect on tumor cell invasion showed a
significant reduction in the invasive ability of HuR-NP-treated MeWo cells by 46% and 60%
over untreated and C-NP-treated cells at 24 h and 48 h, respectively (Figure 5B; p < 0.05).

3.6. HuR Inhibition Reduced MITF in Melanoma Cells

Studies have shown that MITF plays an important role in melanoma metastases and
contributes to drug resistance [47–50]. Since HuR-NP treatment decreased cell invasion
and migration, we investigated if HuR-NP treatment impacted MITF. Using gene sequence
analysis, we analyzed for HuR-binding sites on MITF. As shown in Figure 6A, several HuR
binding motifs were identified in the 3′ untranslated region (UTR) and coding sequence
(CDS) of the MITF gene using the RBP map (https://rbmap.technion.ac.il) [51] and WebL-
ogo (https://weblogo.berkeley.edu) [52]. Next, alterations in the expression levels of MITF
mRNA and its downstream target, BCL-2, were assessed in HuR-NP-treated cells compared
to untreated and C-NP-treated cells. A significant reduction in the mRNA expression of
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HuR, MITF, and BCL-2 was observed in HuR-NP-treated MeWo and A375 cells compared
to their respective controls at the two time-points tested (Figure 6B; p < 0.05).
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3.7. HuR-NP Reduces U0126 Induced MITF in Melanoma Cells 
Studies have shown that inhibiting the mitogen-activated protein kinase (MAPK) sig-

naling pathway is beneficial in melanoma treatment [53–55]. Clinical studies testing in-
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Figure 6. HuR-NP attenuates MITF mRNA and protein expression. (A), The MITF gene sequence, including promoter,
untranslated regions (UTRs), and coding sequence (CDS), were scouted for HuR binding site. Multiple HuR binding sites
were observed along the MITF gene. The conserved sequence search indicates HuR binding motif (5′NNUUNNUUU3′)
conserved across the MITF gene sequence. RBPmap (http://rbpmap.technion.ac.il/) [51] and WebLogo (https://weblogo.
berkeley.edu/) [52] available in the public domain as open resource tools were used for the analysis. The HuR-MITF
binding was validated by (B), qRT-PCR, and (C), Western blot analysis in C-NP, and HuR-NP-treated MeWo and A375
melanoma cells. Untreated cells served as controls for each cell line. BCL-2 was assessed as positive control and downstream
transcriptional target of MITF. 18S forward and reverse primers, and alpha α-Tubulin were used as internal controls in
qRT-PCR and Western blotting, respectively. Error bar denotes SD; ** p < 0.01.
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In accordance with the mRNA data, we observed a significant reduction in HuR,
MITF, and BCL-2 protein expression levels in HuR-NP-treated MeWo and A375 cells at
24 h and 48 h compared to untreated and C-NP-treated cells (Figure 6C and Figure S6;
p < 0.05). HuR-NP treatment of melanocytes showed no reduction in MITF compared to
the untreated and C-NP-treated cells (Figure S7). To ensure consistency in our study results,
MeWo cells receiving treatments identical to melanocytes were evaluated for MITF. HuR-
NP treatment reduced MITF compared to untreated and C-NP-treated cells (Figure S7)
and concurred with our data shown in Figure 6. Finally, immunostaining of a panel of
human melanoma cell lines showed robust expression of MITF and HuR, albeit at varying
levels for the two proteins in the cell lines (Figure S8). These results show that MITF is
a molecular target of HuR and that inhibiting HuR concomitantly reduces MITF and its
downstream BCL-2 expression. Furthermore, the MITF reduction in HuR-NP-treated cells
likely contributes to the diminished cell migration and invasion observed in Figure 5.

3.7. HuR-NP Reduces U0126 Induced MITF in Melanoma Cells

Studies have shown that inhibiting the mitogen-activated protein kinase (MAPK)
signaling pathway is beneficial in melanoma treatment [53–55]. Clinical studies testing
inhibitors targeting MEK1/2, such as Trametinib alone and in combination with B-RAF
inhibitor, Dabrafenib, have demonstrated clinical benefit in melanoma patients [56,57].
However, in the majority of the patients, the disease recurs and exhibits treatment resistance.
Furthermore, high MITF expression in melanoma contributes to resistance towards MAPK
inhibitors [58–60]. Based on these reports, we investigated whether incorporating HuR-NP
with MEK1/2 inhibitor (U0126) will demonstrate improved efficacy.

Prior to conducting combinatorial efficacy studies, optimization studies testing differ-
ent concentrations of U0126 (10 µM, 20 µM, and 30 µM) were performed and evaluated for
cytotoxicity as well as MEK1/2 inhibition. Treatment of MeWo cells with U0126 resulted in
a dose-dependent reduction in cell viability at 24 h and 48 h compared to DMSO-treated
control cells (Figure S9; p < 0.05). Molecular analysis showed U0126 treatment while
reducing phosphorylated (p)-MEK1/2Ser217/221 significantly increased MITF expression in
a dose-dependent manner at 24 h and 48 h (Figure S9; p < 0.05).

Next, we investigated whether HuR-NP treatment could override U0126-treatment-
induced MITF and exhibit increased efficacy. MeWo cells treated with HuR-NP showed sig-
nificant inhibition of cell viability and marked reduction in MITF and p-MEK1/2Ser217/221

expression compared to DMSO- and C-NP-treated cells (Figure 7 and Figure S10; p < 0.05).
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ment alone but less than that with the combination treatment of HuR-NP and U0126. An-
other important observation was that the increased MITF expression observed in C-NP 
and U0126 combination treatment and attributed to U0126 was almost completely elimi-
nated in HuR-NP and U0126 combination treatment, especially at 48 h after treatment 
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However, a synergistic effect in reducing cell viability and reduction in MITF and
p-MEK1/2Ser217/221 expression was observed when HuR-NP was combined with U0126
compared to all other treatment groups (Figure 7 and Figure S10; p < 0.05). C-NP, in com-
bination with U0126, produced an inhibitory effect akin to that observed with HuR-NP
treatment alone but less than that with the combination treatment of HuR-NP and U0126.
Another important observation was that the increased MITF expression observed in C-NP
and U0126 combination treatment and attributed to U0126 was almost completely elim-
inated in HuR-NP and U0126 combination treatment, especially at 48 h after treatment
(Figure 7 and Figure S10; p < 0.05). Our study results showed the HuR-NP suppressed
U0126 induced MITF and produced enhanced antitumor activity in the melanoma cell line.

3.8. HuR-NP Suppresses the Cell Viability of MITF Overexpressing Melanoma Cell Line

Since our results showed HuR-NP treatment alone reduced MITF and U0126 in-
duced MITF, we investigated whether HuR-NP can suppress MITF when overexpressed in
melanoma cells analogous to that seen in melanoma patients. For this purpose, we first
generated MITF- and GFP-overexpressing MeWo cell lines and labeled them as MeWo-
MITF-M and MeWo-GFP, respectively. The two cell lines were characterized for cell viabil-
ity, MITF, and MITF-regulated downstream markers (Figure S11). MITF overexpression
increased MeWo-MITF-M cell number indicative of MITF’s ability to support cell prolifer-
ation compared to MeWo-GFP cells and parental MeWo cells (Figure S11). Furthermore,
MITF overexpression greatly increased BCL-2 and HIF1-α expression in MeWo-MITF-M
cells (Figure S11), both of which are downstream transcriptional targets of MITF [61,62].

Next, we tested HuR-NP’s ability to reduce the viability of MeWo-MITF-M cells and
suppress MITF and its downstream targets. As shown in Figure 8, HuR-NP treatment
significantly reduced MeWo-MITF-M cell viability compared to controls and was compa-
rable to the HuR-NP inhibitory effect on MeWo-GFP cells at the two time-points tested
(p < 0.05). Molecular analysis revealed HuR-NP unequivocally and effectively reduced
MITF and BCL-2 in both MeWo-GFP and MeWo-MITF-M cells compared to their untreated
and C-NP-treated control cells at 24 h after treatment (Figure 8 and Figure S12).
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expression in both MeWo-GFP and MeWo-MITF-M cells. α-Tubulin was used as an internal loading control. Error bar
denotes SD; ** p < 0.01.
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Finally, we examined the combinatorial therapeutic efficacy of HuR-NP and U0126
on MeWo-MITF-M cells compared to individual treatments. HuR-NP and U0126 combi-
nation treatment produced a significant and greater inhibitory effect on MeWo-MITF-M
cell viability with approximately 64% reduction at 24 h and 86% reduction at 48 h after
treatment compared to all other treatment groups (Figure 9). The inhibitory effect on cell
viability produced by U0126 treatment (46% inhibition) and C-NP and U0126 combination
treatment (44% inhibition) was equivalent to the inhibitory effect produced by HuR-NP
treatment alone (46% inhibition) at 48 h compared to DMSO-treated control cells (Figure 9).
Molecular studies showed HuR-NP and U0126 combination treatment produced the great-
est reduction in HuR, p-MEK1/2Ser217/221, BCL-2 protein expression, and most importantly,
almost completely eliminated MITF expression in MeWo-MITF-M cells compared to all
other treatment groups (Figure 9 and Figure S13). These results demonstrate the effective-
ness of combining HuR-NP with MEK inhibitors to overriding the oncogenic effects of
MITF and potentially mitigating MITF-mediated resistance in melanoma (Figure S13).
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Cells were treated with C-NP and HuR-NP in the presence or absence of U0126 and assessed for cell viability by trypan
blue exclusion assay. DMSO-treated cells served as controls. Changes in molecular markers after treatment were examined
by Western blotting assay. Combination treatment of HuR-NP and U0126 showed the greatest antitumor activity and
maximum reduction in MITF. Reduction in p-MEK1/2Ser 217/221, total MEK1/2, and BCL-2 observed in HuR-NP, and U0126
combination treatment was comparable to the reduction in these proteins in cells treated with C-NP plus U0126 and U0126
alone. Error bar denotes SD; ** p < 0.01.

4. Discussion

Tremendous efforts to improve treatment outcomes for melanoma patients have
met with limited success until the recent development of immunotherapy. However,
limitations continue to exist with immunotherapy, and reports of resistance to immunother-
apy and disease recurrence are emerging [63–65]. Enthusiasm for targeted therapies,
especially towards B-RAF inhibitors (Vemurafenib, Dabrafenib) for melanoma treatment,
continue to persist, and several combinatorial treatments incorporating MAPK inhibitors
(Trametinib, Cobimetinib) are being pursued [66,67]. While co-targeting B-RAF and
MEK1/2 have shown to improve treatment response and provide clinical benefit, the man-
ifestation of treatment-related acquired resistance continues to evolve [49]. Therefore,
efforts to develop and test improved therapies for melanoma are in pursuit.
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This study established the benefit of targeting human antigen R, HuR, in melanoma.
Studies have shown that HuR is a molecular target for therapy [22,27,68,69], and inhibit-
ing HuR resulted in antitumor and antimetastatic activity [30,31]. No studies, however,
have evaluated the effect of targeting HuR on melanoma cell growth and metastases.
Activating B-RAF mutations are common and occur in approximately 50% of cutaneous
melanomas [5,14]. However, our results clearly demonstrated that HuR overexpression
occurred independent of B-RAF mutation status in melanoma cell lines compared to
melanocytes. This observation encouraged us to investigate targeting HuR in melanoma.
Therefore, we tested the genetic inhibition of HuR using HuR-specific siRNA containing
nanoparticles (HuR-NP) in two melanoma cell lines differing in their B-RAF status (MeWo,
B-RAFwt, and A375, B-RAFV600E). HuR-NP inhibited cell proliferation of both the cell
lines independent of their B-RAF status. Molecular studies demonstrated that HuR-NP
significantly reduced HuR mRNA and protein. Furthermore, HuR-NP attenuated HuR-
regulated oncoproteins in both melanoma cell lines. HuR-NP-mediated inhibition led to a
G1 phase cell cycle arrest that subsequently led to apoptotic cell death, as evidenced by the
activation of the caspase cascade. While our results concurred with other studies that used
different tumor models, it is also suggested that HuR-NP could be an attractive target for
melanoma therapy independent of oncogenic B-RAF mutation status. Considering the role
of HuR in metastases, we tested the impact of HuR-NP on an invasive MeWo melanoma
cell line. Interestingly, HuR diminished the migratory and invasive ability of MeWo cells.
Most importantly, our results showed that HuR-NP exerted selective cytotoxicity towards
melanoma cells but not towards normal melanocytes, a feature that is preferred in having
effective cancer treatment.

Next, we investigated whether the inhibitory effect on melanoma migration and
invasion following HuR-NP treatment could partly be due to MITF. MITF has been re-
ported to contribute to melanoma cell survival, cell migration and invasion, drug resis-
tance, and metastases [49,70–72]. To our surprise, a marked reduction in MITF and MITF-
regulated BCL-2 and HIF-1α proteins was observed upon silencing of HuR. The ability of
HuR to suppress MITF at both the mRNA and protein levels is an interesting observation
that is hitherto not reported. Based on this initial observation of HuR-NP reducing MITF,
we conducted combinatorial studies using U0126, a MEK1/2 inhibitor, to emulate clinical
studies conducted for treating melanoma patients. Use of MEK1/2 inhibitors such as Tram-
etinib, either alone or in combination with B-RAF inhibitor, Dabrafenib, while showing
initial clinical benefit, has failed to demonstrate long-term efficacy due to disease recur-
rence and drug resistance. Furthermore, the expression of MITF has been reported to play
a role in the failure of MEK1/2-targeted therapy [50,73,74]. In fact, our in vitro results
showed HuR-NP treatment markedly reduced MITF, MEK1/2, and p-MEK1/2Ser217/221

proteins, which concurred with previous study results that showed MEK1 mRNA as a HuR
mRNA-target in intestinal epithelial cells [75]. Therefore, we speculated that incorporat-
ing U0126 into HuR-NP treatment will result in enhanced antitumor activity. We clearly
and convincingly demonstrated that HuR-NP plus U0126 treatment in MeWo cells abol-
ished MITF-induced MEK1/2 expression; suppressed MEK1/2 inhibitor-induced MITF;
and overrides the anti-apoptotic effects of MITF in MITF overexpressing MeWo cells re-
sulting in synergistic antitumor activity. Based on our study results, it is interesting to
speculate that the combinatorial treatment of HuR-NP and U0126 will be very effective
against melanoma cells that have developed acquired resistance to B-RAF/MEK inhibitors.
However, the authors have not conducted this experiment as it was beyond the scope
of the study but plan to test it in the future. Additionally, the study is limited to in vitro
observations that need to be validated in in vivo melanoma models prior to advancing to
clinical translation.

It is to be noted that while our study demonstrated the therapeutic benefits of HuR-
targeted therapy for melanoma, several questions remain unanswered. For example,
Slominski et al. reported melanogenesis regulated HIF-1α and HIF-1α-regulated target
genes are involved in angiogenesis and cellular metabolism [76]. Similarly, the involve-
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ment of cyclic adenosine monophosphate (cAMP) and response binding protein element
(CREB) in MITF activation and subsequent upregulation of melanogenesis-regulated gene
coding for tyrosinase has been reported [77,78]. Since our study showed a link between
HuR and MITF and that HuR is known to regulate HIF-1α and HIF-1α-regulated target
genes such as VEGF, it will be of interest to investigate the role of HuR in melanogenesis
and melanogenesis regulated tyrosinase in melanoma. A cross talk between MAPK and
melanogenetic pathways are also strongly interconnected [79]. However, the exact role of
HuR in regulating the MAPK pathway and its implications in melanogenesis is unknown.
Finally, little to none is known about HuR expression and its role in uveal melanoma (UM).
Interestingly, unlike cutaneous melanoma, UM is characterized by a very low mutational
burden. In addition, B-RAF and N-RAS are rarely mutated, instead GNAQ or GNA11
mutations are frequently detected and known to activate the MAPK pathway also [80,81].
Hence, targeting HuR might be a treatment option in UM. However, laboratory studies
on this are pending to date. Together, the results from the present study highlight the
importance of targeting HuR in melanoma and concomitantly opening new avenues for
investigating HuR in melanogenesis and UM.

5. Conclusions

We have established proof-of-concept and shown that targeting HuR represents a
promising therapeutic option for melanoma treatment with or without oncogenic B-RAF
mutation. Furthermore, inhibiting HuR offered the additional advantage of reducing MITF
expression in melanoma cells, and combinatorial therapy targeting HuR and MEK1/2
produced synergistic antitumor activity. These results support additional combinatorial
testing of HuR-targeted therapeutics in combination with B-RAF and MEK1/2 inhibitors
for melanoma both in vitro and in vivo.
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Simple Summary: BCL2L10 is the sixth and less studied protein from the group of Bcl-2 anti-apoptotic
proteins. These proteins are important therapeutic targets since they convey resistance to anticancer
regimens. We describe here for the first time the role of BCL2L10 in melanoma. We found that BCL2L10
is abundantly and frequently expressed both in melanoma cell lines and tumor samples. This increased
expression is due to the activity of the transcription factor STAT3 that positively regulate BCL2L10
transcription. We describe that Bcl2l10 is a pro-survival factor in melanoma, being able to protect cells
from the cytotoxic effect of different drugs, including cisplatin, dacarbazine, and ABT-737. BCL2L10
also inhibited the cell death upon combination treatments of PLX-4032, a BRAF inhibitor, with ABT-737
or cisplatin. In summary, we determined that BCL2L10 is expressed in melanoma and contributes
to cell survival. Hence, targeting BCL2L10 may enhance the clinical efficacy of other therapies for
malignant melanoma.

Abstract: The anti-apoptotic proteins from the Bcl-2 family are important therapeutic targets since
they convey resistance to anticancer regimens. Despite the suspected functional redundancy among
the six proteins of this subfamily, both basic studies and therapeutic approaches have focused mainly
on BCL2, Bcl-xL, and MCL1. The role of BCL2L10, another member of this group, has been poorly
studied in cancer and never has been in melanoma. We describe here that BCL2L10 is abundantly and
frequently expressed both in melanoma cell lines and tumor samples. We established that BCL2L10
expression is driven by STAT3-mediated transcription, and by using reporter assays, site-directed
mutagenesis, and ChIP analysis, we identified the functional STAT3 responsive elements in the
BCL2L10 promoter. BCL2L10 is a pro-survival factor in melanoma since its expression reduced
the cytotoxic effects of cisplatin, dacarbazine, and ABT-737 (a BCL2, Bcl-xL, and Bcl-w inhibitor).
Meanwhile, both genetic and pharmacological inhibition of BCL2L10 sensitized melanoma cells to
cisplatin and ABT-737. Finally, BCL2L10 inhibited the cell death upon combination treatments of
PLX-4032, a BRAF inhibitor, with ABT-737 or cisplatin. In summary, we determined that BCL2L10 is
expressed in melanoma and contributes to cell survival. Hence, targeting BCL2L10 may enhance the
clinical efficacy of other therapies for malignant melanoma.

Keywords: BCL2L10; STAT3; melanoma; cytotoxicity; survival; ABT-737; Bcl-2 family; ML258

1. Introduction

Melanoma is the fifth and sixth most common cancer for men and women, respec-
tively, and thus represents a major public health problem. In addition to its high inci-
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dence, melanoma is one of the most aggressive tumor types with a 5-year survival rate of
around 20% [1]. At the molecular level, melanoma is characterized by the highly prevalent
BRAFV600E mutation that renders the MAPK/ERK pathway constitutively active and is
critical for melanoma progression. Moreover, many other signaling pathways, such as
PI3K/Akt, PKC, STAT3, Wnt, and Eph/ephrin, are also constitutively activated [2–5].
Targeted therapies toward BRAF and MEK and immunotherapy have shown promise in
the management of this cancer, and currently, there are several single or combination thera-
pies approved for first-line treatment of metastatic or unresectable disease [6]. However,
melanoma remains difficult to treat due to innate and acquired resistance to these therapies.
Sadly, this has been a recurrent problem in melanoma since the massive failure of standard
chemotherapy nearly 50 years ago [7].

Melanoma is intrinsically resistant to diverse cytotoxic insults, such as DNA damage
(e.g., by irradiation, alkylation, methylation or crosslinking), microtubule destabilization or
topoisomerase inhibition. One of the underlying mechanisms is a profound dysregulation
of cell death pathways in part due to the aberrant expression of proteins of the Bcl-2 family
that regulates the intrinsic or mitochondrial apoptotic pathway [8]. There are at least 20 Bcl-
2-related proteins that are categorized into one of the three subfamilies; anti-apoptotic
proteins (BCL2, Bcl-xL/BCL2L1, Bcl-w/BCL2L2, MCL1, Bfl-1/BCL2A1, and BCL2L10),
pro-apoptotic BH3-only proteins (BAD, BID, BIK, Bim/BCL2L11, BMF, HRK, NOXA,
PUMA/BBC3, etc.) and pro-apoptotic pore-formers or executioners (BAX, BAK1, BOK).
Proteins from the first two groups compete to influence the executioners that, if activated,
form pores in the outer mitochondrial membrane and thus trigger mitochondrial outer
membrane permeability (MOMP) and apoptosis [9,10]. Given its important role in cancer
progression, anti-apoptotic members of the Bcl-2 family have been studied as therapeutic
targets in cancer, first by using antisense oligonucleotides against BCL2 and Bcl-xL, and
more recently by using the small molecule compounds called BH3-mimetics since they
emulate the function of the BH3-only proteins. Currently, several BH3-mimetics are being
evaluated as single agents or combined with other compounds in clinical trials for a wide
number of tumor types, including melanoma [11].

BCL2L10 (also known as Bcl-b, NrH, Diva, or Boo) is the most recently identified
and least studied protein of the Bcl-2 anti-apoptotic subfamily, and its function is only
partially understood [12,13]. BCL2L10 has been classified into the anti-apoptotic group of
Bcl-2 proteins since it contains all four BH domains, a distinctive feature that is missing
in the other groups. Nevertheless, both pro-apoptotic [14–18] and anti-apoptotic [19–22]
activities of BCL2L10 have been described. BCL2L10 was also found to have functions
not related to apoptosis. In ovarian cancer and hepatocellular carcinoma, BCL2L10 acts
as a tumor suppressor by negatively regulating cell proliferation [15,23]. Along this line,
the BCL2L10 promoter was found to be aberrantly methylated in gastric cancer [14,18,24],
hepatocellular carcinoma [17], and acute myeloid leukemia [25]. The ensuing inhibition
of BCL2L10 expression correlated with a decreased overall survival and disease-free sur-
vival of hepatocellular carcinoma [17] and gastric cancer [26] patients. On the other side,
BCL2L10 was found to be overexpressed in breast, prostate, colorectal, and lung cancers as
well as in multiple myeloma [27–30]. In many of these tumor types, the elevated BCL2L10
expression was correlated with poor prognosis [27–30]. The reasons for these discrepancies
in BCL2L10′s role in cancer have not been elucidated.

This study aimed to investigate the expression and function of BCL2L10 in melanoma
since they have not been studied to the present. We found that BCL2L10 is expressed in
both melanoma cell lines and patients and that its transcription is regulated by STAT3. In
addition, we determined that BCL2L10 plays a pro-survival role in melanoma, protecting
the melanoma cells from different cytotoxic insults.
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2. Results
2.1. BCL2L10 Expression in Melanoma

We begin our study by determining the expression of BCL2L10 in a panel of eight
melanoma cell lines by Western blot. Antibody #3869 detected the expression of BCL2L10
in all melanoma cell lines analyzed (Figure 1A).
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Since the high frequency of BCL2L10 expression in our cell line collection may be
due to a selection process inherent in creating tumor-derived cell lines or the conditions of
“in vitro” cell culture, we sought to analyze BCL2L10 expression in melanoma specimens.
However, this antibody did not result suitable this technique. Since BCL2L10 has been
little studied, the detection of BCL2L10 in human tissues by immunohistochemistry (IHC)
has been hindered by the lack of validated tools. The anti-BCL2L10 antibody PA5-22190 is
one of the few commercial antibodies recommended for IHC, but to date, it has not been
utilized in any scientific publication. Hence, to study BCL2L10 expression in melanoma
patients, we first set to validate this antibody by Western blot and IHC analyses. An
expression vector encoding human myc-tagged BCL2L10 was introduced into HEK293T
cells, and BCL2L10 expression was evaluated in lysates from transfected cells. The PA5-
22190 antibody detected a strong band corresponding to exogenous BCL2L10 at 24 kDa
in the BCL2L10-myc transfected lysates, but not in lysates from cells transfected with
empty plasmid (Figure 1B). Likewise, the antibody revealed a weaker band of about 23 kDa
in both protein extracts, which corresponds with the expected molecular weight of the
endogenous protein. The antibody detected the same two bands (of similar intensity in this
case) in M2 melanoma cells stably transfected with BCL2L10-myc (Figure 1C). Importantly,
no additional bands were detected, and the recognition pattern was similar to that of the
BCL2L10 antibody #3869 (Supplementary Materials Figure S2). Expression of other Bcl-2
protein family members and that of other proteins implicated in apoptosis was not affected
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by BCL2L10 overexpression (Supplementary Materials Figure S3). To confirm the identity
of the presumed endogenous BCL2L10 protein band, we transduced A375 melanoma cells
with retroviral particles encoding two short-hairpin RNAs (shRNAs) specific for BCL2L10
or a scramble sequence (control shRNA), and the stable cell lines A375-shBCL2L10 I and II
and A375-scramble were established. Western blot experiments revealed that the 23 kDa
band is efficiently silenced in both A375-shBCL2L10 cell lines (Figure 1D). These results
indicate that the PA5-22190 antibody is specific for BCL2L10.

To establish the conditions for IHC analysis of melanoma samples using the PA5-22190
antibody, we determined the antigen recovery method, antibody dilution, and other testing
conditions (see Methods) using both positive (liver) and negative (placenta) control tissues
that were selected based on BCL2L10 mRNA expression data from the Human Protein
Atlas (www.proteinatlas.org). Then, we assayed samples from 20 melanoma patients
from both primary and metastatic sites by IHC. Tissues were graded as strongly positive
(+++), moderately positive (++), weakly positive (+), or negative (−). Robust expression of
BCL2L10 was found in 90% of samples (scores ++ and +++), whereas the remaining 10%
were negative (Figure 2 and Supplementary Materials Table S1).

Cancers 2021, 13, x FOR PEER REVIEW 4 of 23 
 

 

the identity of the presumed endogenous BCL2L10 protein band, we transduced A375 
melanoma cells with retroviral particles encoding two short-hairpin RNAs (shRNAs) spe-
cific for BCL2L10 or a scramble sequence (control shRNA), and the stable cell lines A375-
shBCL2L10 I and II and A375-scramble were established. Western blot experiments re-
vealed that the 23 kDa band is efficiently silenced in both A375-shBCL2L10 cell lines (Fig-
ure 1D). These results indicate that the PA5-22190 antibody is specific for BCL2L10. 

To establish the conditions for IHC analysis of melanoma samples using the PA5-
22190 antibody, we determined the antigen recovery method, antibody dilution, and other 
testing conditions (see Methods) using both positive (liver) and negative (placenta) con-
trol tissues that were selected based on BCL2L10 mRNA expression data from the Human 
Protein Atlas (www.proteinatlas.org). Then, we assayed samples from 20 melanoma pa-
tients from both primary and metastatic sites by IHC. Tissues were graded as strongly 
positive (+++), moderately positive (++), weakly positive (+), or negative (−). Robust ex-
pression of BCL2L10 was found in 90% of samples (scores ++ and +++), whereas the re-
maining 10% were negative (Figure 2 and Supplementary Materials Table S1). 

BCL2L10 presented a heterogeneous pattern of immunoreactivity since both cyto-
plasmic and nuclear staining was observed both between- and within-samples. BCL2L10 
staining was observed exclusively in the tumor tissue, whereas the immunoreactivity was 
not apparent in the adjacent noncancerous stroma (Figure 2D,E). These results demon-
strate that BCL2L10 protein is frequently and strongly expressed in melanoma. 

 
Figure 2. BCL2L10 is highly expressed in melanoma tumor samples. Representative images of 
immunohistochemistry staining for BCL2L10 using the PA5-22190 antibody (1:300 dilution) with 
hematoxylin counterstaining. (A,B) Representative images from a sample that scored negative for 
BCL2L10 staining (A, 100× magnification, B, 200× magnification). (C) Sample showing predomi-
nantly nuclear BCL2L10 staining (200× magnification). (D,E) Representative images from a sample 
showing nucleocytoplasmic BCL2L10 staining (D, 100× magnification, E, 200× magnification). 
BCL2L10 staining is not observed in the adjacent stroma (at the bottom on panel D) and in the 
septal stroma (arrows in panel E). (F) Sample showing predominantly cytoplasmic BCL2L10 stain-
ing (200× magnification). 

Figure 2. BCL2L10 is highly expressed in melanoma tumor samples. Representative images of
immunohistochemistry staining for BCL2L10 using the PA5-22190 antibody (1:300 dilution) with
hematoxylin counterstaining. (A,B) Representative images from a sample that scored negative for
BCL2L10 staining (A, 100× magnification, B, 200× magnification). (C) Sample showing predomi-
nantly nuclear BCL2L10 staining (200×magnification). (D,E) Representative images from a sample
showing nucleocytoplasmic BCL2L10 staining (D, 100× magnification, E, 200× magnification).
BCL2L10 staining is not observed in the adjacent stroma (at the bottom on panel D) and in the
septal stroma (arrows in panel E). (F) Sample showing predominantly cytoplasmic BCL2L10 staining
(200×magnification).

BCL2L10 presented a heterogeneous pattern of immunoreactivity since both cyto-
plasmic and nuclear staining was observed both between- and within-samples. BCL2L10
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staining was observed exclusively in the tumor tissue, whereas the immunoreactivity was
not apparent in the adjacent noncancerous stroma (Figure 2D,E). These results demonstrate
that BCL2L10 protein is frequently and strongly expressed in melanoma.

2.2. STAT3 Regulates BCL2L10 Expression

BCL2L10 was found to be overexpressed in several tumor types, but the mecha-
nisms implicated in BCL2L10 expression have not been identified to date. Interestingly,
analysis of microarray data generated from A375 melanoma cells treated with siRNAs
against 45 transcription factors and signaling molecules (GSE31534) [31] revealed that
the silencing of STAT3 markedly reduced BCL2L10 mRNA levels (Figure 3A). Further-
more, BCL2L10 mRNA levels were also reduced in three additional microarray studies
that inhibited STAT3 expression or activity (GSE64536, GSE63092, and GSE48124, Supple-
mentary Materials Figure S4). In line with these findings, we observed that in four out
of the six patient samples tested, P-STAT3 staining overlapped with BCL2L10 staining.
Unlike BCL2L10, which presented a heterogeneous pattern including both nuclear and
cytoplasmic localization, P-STAT3 staining was almost exclusively nuclear in the melanoma
samples (Supplementary Materials Figure S5).
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reduced BCL2L10 mRNA levels in A375 melanoma cells compared to non-targeting siRNA (columns
a to c: GSM782733, GSM782734, and GSM782735, respectively). (B) Phosphorylation of STAT3 at
Tyr705 in melanoma cell lines. Protein extracts from UACC903 (UACC), WM9, WM115 (115) and
M2 were probed with the indicated antibodies. β-actin was used as a loading control. The blots
displayed are representative of three independent experiments. (C,D) Silencing of STAT3 in WM9
(C) and UACC903 (D) cells reduced BCL2L10 protein expression. UACC903 and WM9 cells were
transduced with retrovirus encoding two STAT3 shRNA (I and II) and a scramble sequence as a
control. Protein extracts were probed with antibodies to STAT3, BCL2L10 and β-actin as a loading
control. The blots displayed are representative of three independent experiments. Bar graphs show
the mean ± SD (from three independent experiments) of BCL2L10 levels normalized to the loading
control and expressed as the fold change relative to scramble cells. *: p < 0.05, n = 3. (E,F) STAT3
silencing decreased BCL2L10 mRNA levels in WM9 (E) and UACC903 (F). Relative levels of BCL2L10
mRNA were determined by real-time PCR. mRNA levels, normalized to internal RNPII levels and
expressed as relative to control cells. The mean ± SD from three independent experiments is shown.
The statistical analysis is described in Methods. *: p < 0.05, n = 3. Whole Western blot figures are
provided in Supplemental Materials Figure S6.

The results above motivated us to determine whether STAT3 regulates BCL2L10 tran-
scription. To perform this study, we used the cell lines UACC903 and WM9 since they have
high levels of STAT3 phosphorylation at Tyr705, a marker of STAT3 activation (Figure 3B),
together with an abundant BCL2L10 expression as showed in Figure 1A. Both cell lines were
transduced with a scramble sequence, or two STAT3 specific pRetroSuper-based shRNAs
(short-hairpin RNA) labeled shSTAT3-I and -II that efficiently knockdown STAT3 protein
levels (Figure 3C). Importantly, the two STAT3 shRNA significantly reduced BCL2L10
protein levels in both cell lines, as demonstrated by the quantification of Western blots from
three independent biological replicates (Figure 3C). Real-time PCR experiments revealed
that STAT3 silencing in both WM9 and UACC903 cells led to a significant decrease in
BCL2L10 mRNA levels (Figure 3D,E). These results indicate that STAT3 regulates BCL2L10
expression, most likely through the transactivation of its promoter.

2.3. STAT3 Binds the Human BCL2L10 Promoter and Activates BCL2L10 Transcription

To study the regulation of BCL2L10 transcription by STAT3, bioinformatic analysis of
the human BCL2L10 gene was performed at Dr. Joo-Yeon Yoo’s laboratory. Analysis of the
BCL2L10 promoter region (from −2.0 kb to +0.5 kb) using the STAT3-Finder software [32]
revealed ten putative STAT3 responsive elements (SRE) with scores exceeding the cutoff
value (>0.8, Figure 4A). The site at−559 was the only one conserved among mammals (data
not shown). The sites at positions −559 (TTCTCAGAA) and −1306 (CCCCCAGAA) of the
BCL2L10 promoter showed a score of 0.97 and 0.98, respectively and hence were considered
to be the most likely functional SRE in the human BCL2L10 gene. Thus, the region between
−1674 to +115 of the human BCL2L10 promoter that contains both candidate SREs and
a cluster of SREs close to the transcription start was cloned into a luciferase reporter
plasmid. Thereafter, we generated two deletion constructs that contained one (plasmid
−678/+115) and none (plasmid −548/+115) of the two high ranked sites (Figure 4A).
When transfected into UACC903 control cells, the three promoter fragments (−1674/+115,
−678/+115 and −548/+115) displayed a high degree of activity (more than 200 times)
compared with a promotorless pGL2 vector used as a control (data not shown). Then,
we compared the reporter activity of these fragments in both UACC903-scramble and
UACC903-shSTAT3 cells. As expected, the activity of Ly6E, a STAT reporter, is inhibited
in UACC903-shSTAT3 compared with UACC903-scramble cells (Figure 4B). The activity
elicited by constructs−1674/+115 and−678/+115 significantly decreased when transfected
into UACC903-shSTAT3 cells compared to that observed when transfecting UACC903-
scramble cells (Figure 4B).
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Figure 4. STAT3 binds to the BCL2L10 promoter and regulates its transcription. (A) Structure of the proximal region of the
human BCL2L10 promoter. Putative STAT3 responsive elements (above) and fragments of the promoter that were cloned
into pGL2 (below) are depicted. The sites at −1306 and −559 were deleted by site-directed mutagenesis, generating two
plasmids with a single mutation and one plasmid with a double mutation. (B) Silencing of STAT3 diminished the reporter
activity of the BCL2L10 promoter. The indicated reporter plasmids were transfected into UACC903-shSTAT3 and UACC903-
scramble cells. Results are shown as the mean ± SD *: p < 0.05. **: p < 0.01, ns: not significant, n = 3. (C) STAT3 enhances
BCL2L10 transactivation through the SREs at −1306 and −559. The indicated reporter plasmids were transfected into
HEK293T cells together with STAT3Y and STAT3C plasmids. Results are shown as the mean ± SD *: p < 0.05, **: p < 0.01, ns:
not significant, n = 3. (D) STAT3 silencing decreased binding of STAT3 to the BCL2L10 promoter. The plots show the relative
level of BCL2L10 amplification (normalized to GAPDH levels) corresponding to region −1330/−1181 (left) and region
−664/−516 (center) following a chromatin immunoprecipitation assay on UACC903-scramble and UACC903-shSTAT3 cells.
Amplification of region −2157/−2025, used as a negative control, is shown on the right. The fold change compared to the
level of amplification observed in UACC903-scramble cells is shown. The mean ± SD from three independent experiments
is shown. The statistical analysis is described in Methods. **: p < 0.01 ***: p < 0.001, n = 3. n.s. = not significant.

The reduction seen upon STAT3 silencing was greater for plasmid−1674/+ 115 (70% of
reduction) than for plasmid −678/+115 (43% of reduction). This result is consistent with
the presence of two and one SREs in plasmids −1674/+115 and −678/+115, respectively.
On the contrary, the shortest promoter fragment (−548/+115) showed similar luciferase
activity both in UACC903-shSTAT3 and UACC903-scramble cells, indicating that the
putative SREs in the cluster close to the transcription start are not functional. These results
suggest that STAT3 regulates BCL2L10 transcription through responsive elements present
in the region encompassed between nucleotides −1674 and −548. To confirm this result,
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we evaluated the luciferase activity in HEK293T cells cotransfected with plasmids encoding
STAT3Y>F, a STAT3 dominant-negative mutant, STAT3C, a constitutively active STAT3
mutant, or empty plasmid. Expression of STAT3Y>F closely reproduced the reduction
on BCL2L10 transcriptional activity seen in −1674/+115 and −678/+115 plasmids upon
STAT3 silencing (Figure 4C). Meanwhile, transfection with STAT3C significantly increased
the transcriptional activity driven by these two promoter constructs (−1674/+115 and
−678/+115) over the level observed with empty plasmid (Figure 4C). To determine whether
STAT3 mediates transcription of the BCL2L10 promoter through the putative SREs located
at −1306 and −559, we generated two reporter plasmids with mutations that destroyed
each of these sites (−1306 Mut and −559 Mut, displayed in Figure 3A). The mutation
of either of these sites reduced the reporter activity compared to that observed with
the wt BCL2L10 promoter (Figure 4C). Moreover, transfection with STAT3Y > F further
reduced the activity of both promoter fragments indicating that the mutant reporters
are still transactivated by STAT3. In line with this data, STAT3C increased the activity of
both mutant promoters. In contrast, the plasmid with simultaneous mutation of both sites
(double mut plasmid) presented not only a low luciferase activity but also a similar reporter
activity in cells transfected with empty plasmid and the STAT3 mutants, indicating that this
promoter fragment had completely lost STAT3 responsiveness (Figure 4C). Further support
for the role of STAT3 in the regulation of BCL2L10 transcription comes from ChIP analysis.
To this end, sheared chromatin was immunoprecipitated with antibodies to STAT3 (or
control IgG) followed by real-time PCR amplification of BCL2L10 promoter sequences
bearing putative SRE. Immunoprecipitation of STAT3 enabled specific amplification of
DNA fragments corresponding to regions −1330 to −1181 (Figure 4D, above) and −664
to −516 (Figure 4D, below), but not of the fragment −2157 to −2025 that served as a
negative control. The silencing of STAT3 reduced the amount of DNA amplified from
the chromatin after STAT3 immunoprecipitation to values similar to those observed after
immunoprecipitation with control IgG (Figure 4D). Altogether, these results indicate that
STAT3 transactivates BCL2L10 through two SREs located at −1306 and −559 that display
the classical STAT3 sequences CCCCCAGAA and TTCTCAGAA, respectively.

2.4. BCL2L10 Contributes to Melanoma Cell Survival
2.4.1. BCL2L10 Enhances the Survival of Melanoma Cells Treated with
DNA-Damaging Agents

To investigate the role of BCL2L10 in cell proliferation and survival, both gain- and
loss-of-function approaches were employed. For the gain of function strategy, we used
the M2 cells stably transfected with BCL2L10-myc already described in Figure 1C. The
M2 cell line was selected since it presented the lowest endogenous BCL2L10 levels among
our cell lines (Figure 1A). It is important to note that the level of exogenous BCL2L10
expressed in this cell line was similar to that of the endogenous protein (Figure 1C), and
therefore, the augmentation on BCL2L10 level was within a physiological range. For the
loss of function approach, we silenced BCL2L10 expression by shRNA in A375 (Figure 1D),
one of the cell lines that expressed the highest levels of endogenous BCL2L10 among
the melanoma cell lines tested (Figure 1A). Since BCL2L10 was shown to regulate cell
proliferation in both ovarian and hepatocellular carcinoma [15,23], we first evaluated the
impact of altering BCL2L10 level on melanoma cell growth. We determined that neither
BCL2L10 overexpression nor silencing affected cell growth (Figure 5A).
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Figure 5. BCL2L10 enhances cell survival in melanoma upon treatment with DNA-damaging agents. (A) BCL2L10 does not
affect cell growth. M2-empty and M2-BCL2L10-myc (left) and A375-scramble, A375-shBCL2L10 I, and A375-shBCL2L10
II cell lines (right) were grown for 8 days and the cell density was determined using a crystal violet assay. Results are
shown as the mean ± SD, n = 3. (B) M2-empty and M2-BCL2L10-myc were treated with 40 µM cisplatin (left) or 100 µg/mL
dacarbazine (DAC, right) for 48 h. Bar graph shows the mean ± SD (n = 7 for cisplatin and n = 5 for dacarbazine) of the
percent of cytotoxicity. The percentage of cytotoxicity was calculated as the quotient between the number of cells in treated
wells and the number of cells in non-treated wells times 100. (C) A375-scramble, A375-shBCL2L10 I, and A375-shBCL2L10 II
cells were treated with cisplatin (40 µM) for 48 h. Bar graph shows the mean ± SD (from three independent experiments) of
the percent of cytotoxicity. (D) M2-empty and M2-BCL2L10-myc were treated with 40 µM cisplatin for 24 h. Protein extracts
were probed with antibodies against full-length caspase 3 (C3), cleaved caspase 3 (cleaved C3) or caspase 8 (C8). β-actin
and vinculin were used as loading control. The blots displayed are representative of three independent experiments. (E) Bar
graphs show the ratio (mean ± SD) between cleaved (19 kDa fragment for caspase 3 and 18 kDa fragment for caspase 8) and
uncleaved full-length caspase 3 or caspase 8 from the experiment in (D). This ratio is expressed as the fold change relative
to the ratio measured in DMSO-treated M2-empty cells. *: p < 0.05, n = 3. (F) M2-empty and M2-BCL2L10-myc were treated
with 40 µM cisplatin for 24 h, stained with PI/annexin V and analyzed by flow cytometry. Representative histograms are
shown. (G) Bar graph shows the mean ± SD (n = 3) of the percentage of annexin V positive cells from the experiment in
(F). * p < 0.05, n = 3. (H) M2-empty and M2-BCL2L10-myc cells were treated with ABT-737 (2.5 µM), cisplatin (10 µM) or
ABT-737 (2.5 µM) plus cisplatin (10 µM). Bar graph shows the mean ± SD (from three independent experiments) of the
percent of cytotoxicity. The statistical analysis is described in Methods. **: p < 0.01, ***: p < 0.001, ns: not significant, n = 3.
Whole Western blot figures are provided in Supplemental Materials Figure S7.
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Next, we sought to evaluate changes in the cellular response to standard chemothera-
peutic agents. For these experiments, we used a crystal violet cytotoxicity assay that, in
agreement with previous publications [33–36], proved in our hands to be more reliable and
sensitive than MTT and other methods to examine the impact of cytotoxic drugs on cell
survival. Overexpression of BCL2L10-myc significantly reduced the cytotoxicity induced
by cisplatin and dacarbazine (Figure 5B) in comparison to M2-empty cells. Similarly, the
silencing of BCL2L10 sensitized A375 cells to cisplatin in comparison with A375-scramble
cells (Figure 5C). To confirm these results, we analyzed cell death by both annexin V/PI
staining and caspase cleavage in M2-empty and M2-BCL2L10-myc cells treated with cis-
platin. Overexpression of BCL2L10-myc reduced both caspase 3 and caspase 8 cleavage,
measured as the ratio of cleaved over uncleaved forms (Figure 5D,E). Further, BCL2L10-
myc reduced the amount of annexin V positive cells upon cisplatin treatment (Figure 5F,G).
These results indicate that BCL2L10 promotes cell survival in cells subjected to treatment
with DNA-damaging agents.

Since Bcl-2 proteins are in many cases functionally redundant [37–39], we reasoned
that the pro-survival activity of BCL2L10 in these experiments might have been curtailed
by the expression of other anti-apoptotic Bcl-2 family members with a similar role. To
address this question, we evaluated the effect of BCL2L10 expression in cisplatin-treated
cells in which the contribution of other anti-apoptotic Bcl-2 proteins was neutralized by the
addition of ABT-737 [40]. This compound is a BH3 mimetic that binds with high affinity
to BCL2, Bcl-xL, and Bcl-w but does not inhibit MCL1, Bfl-1, and BCL2L10 [40]. Since the
combination of ABT-737 and cisplatin has a synergistic killing effect in melanoma cells [41],
we reduced the concentration of cisplatin from 40 to 10 µM to avoid excessive cell death.
The treatment with 10 µM cisplatin or 2.5 µM ABT-737 induced less than 10% of cell death
in M2-empty cells but adding both compounds together increased the cytotoxicity up to
34.7% in these cells (Figure 5H). However, the expression of BCL2L10 significantly reduced
the cytotoxicity induced by the combination treatment to 13.7% (Figure 5H). This result
confirms that BCL2L10 contributes to cisplatin resistance.

2.4.2. BCL2L10 Promotes Resistance to ABT-737

Since BCL2L10 (our results above), BCL2 [42,43], Bcl-xL [44], and MCL1 [45] have all
been implicated in cisplatin resistance in melanoma and the partial protection to cisplatin
provided by BCL2L10 was much greater in the presence of ABT-737 (34.7% vs. 13.7%,
Figure 5H) than in its absence (27.6% vs. 19.7%, Figure 5B), it can be concluded that, at
least in regard to cisplatin resistance, BCL2L10 can take over functions of the ABT-737
targets when they are inhibited by this drug. This conclusion evidences there are functional
similarities between BCL2L10 and ABT-737 targets. To explore this in further depth without
the confounding effect of cisplatin-induced cytotoxicity, we sought to assess the cell death
induced exclusively by ABT-737 or TW-37 [46], a BH3-mimetic that targets MCL1 primarily.
Although ABT-737 is usually poorly cytotoxic in melanoma (Figure 5H), it has been shown
that higher doses can induce a modest, “on-target”, cell death [47]. Increasing ABT-737 to
10 µM induced 41.5% of cytotoxicity in M2-Empty cells, but significantly less (25.2%) in
M2-BCL2L10-myc cells (Figure 6A). In contrast, the cytotoxicity induced by TW-37 was
not affected by BCL2L10 expression (Figure 6B). Similarly, BCL2L10-myc reduced the
amount of annexin V positive cells (Figure 6C,D) following ABT-737 treatment. These
results suggest that BCL2L10 mediates resistance to ABT-737. This antagonistic effect of
BCL2L10 and ABT-737 reinforces the notion that BCL2L10 can play a similar role than the
ABT-737 targets BCL2, Bcl-xL or Bcl-w.

Next, we studied this matter in BCL2L10-knockdown cells. We observed that ABT-737
induced greater cytotoxicity in A375-shBCL2L10 cells compared to A375-scramble cells
(Figure 6E), confirming that BCL2L10 is implicated in the resistance of melanoma cells
to ABT-737.
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Figure 6. BCL2L10 promotes resistance to ABT-737. (A,B) M2-empty and M2-BCL2L10-myc cells were treated with 10 µM
ABT-737 (A) or 5 µM TW-37 (B) for 48 h. Bar graph shows the mean ± SD (n = 4 for cisplatin and n = 5 for TW-37) of
the percent of cytotoxicity. (C) M2-empty and M2-BCL2L10-myc cells were treated with 10 µM ABT-737 for 24 h, stained
with PI/annexin V and analyzed by flow cytometry. Representative histograms are shown. (D) Bar graph shows the
mean ± SD (n = 3) of the percentage of annexin V positive cells from the experiment in (C). * p < 0.01. ** p < 0.001, ns: not
significant, n = 3. (E) A375-scramble and A375-shBCL2L10 cells were treated with ABT-737 (10 µM). Bar graph shows the
mean ± SD (from three independent experiments) of the percent of cytotoxicity. (F) A375 cells were treated with ABT-737
(2.5 µM), ML258 (10 µM) or ABT-737 plus ML258 (same concentrations) and the percent of cytotoxicity was determined
by using a crystal violet cytotoxicity assay. Bar graph shows the mean ± SD (from three independent experiments) of
the percent of cytotoxicity. *: p < 0.05, n = 3. (F) A375 cells were treated with ABT-737 (2.5 µM), ML258 (10 µM) (alone or
in combination) Bar graph shows the mean ± SD (n = 3) of the percent of cytotoxicity. (G) A375 cells were treated with
ABT-737 (10 µM), ML258 (40 µM) (alone or in combination) for 24 h, stained with PI/annexin V and analyzed by flow
cytometry. Representative histograms are shown. (H) Bar graph shows the mean ± SD (n = 3) of the percentage of annexin
V positive cells from the experiment in (G). The statistical analysis is described in the Methods. *: p < 0.05, **: p < 0.01, ***:
p < 0.001, ns: not significant, n = 3.
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Since the concentration used of ABT-737 is considered a high one, it is improbable
that this effect is due to a sub-optimal inhibition of Bcl-2 proteins by the drug. Instead, the
additional cell death observed in A375-shBCL2L10 cells can be attributed to functions of
BCL2L10 not fulfilled by the ABT-737 targets. To confirm this result by using an alternative
approach to suppress the BCL2L10 function, we used the compound ML258. ML258 is a
BH3 mimetic t as a highly specific inhibitor of the Bim:BCL2L10 interaction [41]. ML258
had a poor cytotoxic effect by itself but induced a significant increase in cell death in the
presence of ABT-737 as determined by both crystal violet cytotoxicity assay (Figure 6F) and
annexin V staining (Figure 6G,H), confirming the results obtained in cells with knockdown
of BCL2L10. Altogether, these results indicate that BCL2L10 is implicated in ABT-737
resistance, and it has both shared and distinctive functions when compared with ABT-737
targets, BCL2, Bcl-xL, and Bcl-w.

2.4.3. BCL2L10 Enhances the Survival of Melanoma Cells Treated with a Combination of
PLX-4032 and cisplatin or ABT-737

BRAF inhibition is one of the current approaches to treat melanoma patients. Since
targeting BRAF in melanoma patients proved unsuccessful in the long term, the combined
use of BRAF inhibitors with other therapeutic strategies (i.e., immunotherapy, standard
chemotherapy or BH3-mimetics) is currently being studied. Following our finding that
BCL2L10 is implicated in melanoma resistance to cisplatin and ABT-737, we wanted to
evaluate whether the effect of BCL2L10 expression in response to these drugs was also
observed in the context of simultaneous inhibition of BRAF by the BRAFV600E inhibitor PLX-
4032. As expected, both combination treatments had greater cytotoxicity than either drug
alone. We found that M2-BCL2L10-myc cells presented a significantly reduced cytotoxicity
compared with M2-empty cells upon treatment with both PLX-4032 plus cisplatin and
PLX-4032 plus ABT-737 (Figure 7). This result indicates that BCL2L10 expression protects
melanoma cells from cisplatin and ABT-737, even when these drugs are combined with
BRAF inhibitors.
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Figure 7. BCL2L10 protects melanoma cells from cell death upon treatment with PLX-4032 plus
cisplatin or ABT-737. M2-empty and M2-BCL2L10-myc were treated for 48 h with the indicated
drugs at the following concentrations: PLX-4032, 1 µM; cisplatin, 10 µM; ABT-737, 2.5 µM. The
percent of cytotoxicity was determined by using a crystal violet cytotoxicity assay. Bar graph shows
the mean ± SD (from three independent experiments) of the percent of cytotoxicity. The statistical
analysis is described in Methods. *: p < 0.05.

3. Discussion

Mitochondrial-mediated apoptosis is regulated by a delicate balance of the opposing
actions of pro-apoptotic and anti-apoptotic Bcl-2 family members. Therefore, the life/death
decision is determined by the relative abundance of the Bcl-2 proteins on either “side” and
their binding profiles [10]. Thus, the anti-apoptotic Bcl-2 proteins represent an interest-
ing target for cancer therapy since its inhibition will unleash the pro-apoptotic function.
This goal has been achieved using small molecule inhibitors generically named BH3-
mimetics that compete with BH3-only proteins for the same hydrophobic groove on the
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anti-apoptotic proteins. As a result, the pro-apoptotic proteins are no longer inhibited and
can promote the release and activation of Bax and/or Bak, the executors of MOMP [9,10].
Since different BH3-mimetic drugs target different anti-apoptotic Bcl-2 proteins and the
Bcl-2 proteins are known to be functionally redundant [37–39], any rational attempt to
inhibit these proteins must ideally begin by understanding which of the anti-apoptotic
Bcl-2 proteins are expressed in a given tumor type, in a given patient, and under which cir-
cumstances. Otherwise, these therapeutic attempts are bound to fail, as happened with the
therapies targeting BCL2 or BCL2/Bcl-xL in tumors rich in MCL1 [48–51]. The surveying
of anti-apoptotic Bcl-2 proteins in different tumor types led to a focus on the members more
frequently expressed: BCL2, Bcl-xL, and MCL1 [11,52]. In contrast, our knowledge of the
function of the other three members of the family (Bcl-w, Bfl-1, and BCL2L10) has lagged
behind. The study of Bcl-2 proteins in melanoma followed the same trend and also focused
on BCL2, Bcl-xL, and MCL1 [53,54] although, to our knowledge, a comprehensive study of
the relative expression of all six anti-apoptotic Bcl-2 proteins in melanoma cells or tumors
has not been performed yet. In the present study, we have determined that BCL2L10 is
expressed both frequently and at elevated levels in both melanoma cell lines and tissues
from melanoma patients. One limitation of our study is that the reduced size of our patient
cohort prevents us from analyzing changes in BCL2L10 expression in different stages of
melanoma. It is important to mention that Placzek et al. in 2010 used quantitative PCR
techniques to evaluate the mRNA expression levels of all six anti-apoptotic Bcl-2 subfamily
members in 69 cancer cell lines, including 12 melanoma cell lines [55]. The expression
of BCL2L10 in this study was disparaged since all except one cell line (68 out of the 69,
including all 12 from melanoma) presented BCL2L10 levels below the baseline. The absence
of BCL2L10 expression in cell lines from leukemia and from breast, prostate, colorectal, and
lung cancers in this study is difficult to reconcile with the later observation that BCL2L10 is
overexpressed in all these tumor types [27–30]. Moreover, four of the 12 melanoma cell lines
were included in our study, and they all showed strong expression of BCL2L10 as assessed
by Western blot. This important discrepancy most likely reflects the inaccuracy of profiling
BCL2L10 in cancer at the mRNA levels, as was remarked in recent publications [28,56].

Despite the fact that BCL2L10 was found to be overexpressed in several tumor types,
the mechanisms underlying BCL2L10 overexpression have not been investigated. We have
found that BCL2L10 expression is enhanced by STAT3, a transcription factor that has a crit-
ical role in the development and progression of human tumors by promoting uncontrolled
cell proliferation and growth, cell survival, induction of angiogenesis, and the suppression
of host immune surveillance [57]. STAT3 is a critical point of convergence downstream
of several hyperactive tyrosine kinase receptors that are either mutated or amplified in
melanoma, such as KIT, ERBB4, EPH, FGFR, EGFR and PDGRFA, among others [58]. Ac-
cordingly, persistent phosphorylation of STAT3 at Tyr705 and elevated STAT3-dependent
transactivation of target genes has been documented and implicated in melanoma pro-
gression [59,60]. Here, we have identified two STAT3 responsive elements in the BCL2L10
promoter that are responsible for strong STAT3-dependent BCL2L10 transcription. Interest-
ingly, STAT3 has been implicated in cancer cell survival by regulating the transcription of
other anti-apoptotic members of the Bcl-2 family, such as BCL2, Bcl-xL, and MCL1 [61–63].
Since we observed BCL2L10 transactivation by STAT3 in the model cell line HEK293, it
is very likely that STAT3 drives BCL2L10 upregulation in other tumor types presenting
constitutive activity of STAT3.

Considering that anti-apoptotic Bcl-2 proteins were and are evaluated as prospective
therapeutic targets in melanoma [64], it is surprising that the role of BCL2L10 in melanoma
has never been studied. Since BCL2L10 was shown to both promote and inhibit cell death
in different systems, to elucidate the role of BCL2L10 in melanoma is not trivial. Our
data established that BCL2L10 is a pro-survival protein that contributes to protecting
melanoma cells from the DNA-damaging agents cisplatin and dacarbazine. In this regard,
this function of BCL2L10 is similar to that of BCL2, Bcl-xL, and MCL1 since they are
both abundantly expressed in melanoma and implicated in cisplatin resistance [42–45].
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In addition, the three approaches we used through this work (BCL2L10 overexpression
and BCL2L10 genetic and chemical inhibition) indicate that BCL2L10 is an important factor
contributing to ABT-737 resistance. This observation is in agreement with the previous
finding that BCL2L10 expression caused ABT-737 resistance in the acute lymphoblastic
leukemia cell lines J16 and MOLT-4 [65]. Altogether, these findings position BCL2L10 as an
important new pro-survival factor in melanoma.

A critical step to further understand BCL2L10′s role is to determine whether BCL2L10
has either distinctive or overlapping functions with the other five Bcl-2 anti-apoptotic
proteins. Our data show that BCL2L10 expression inhibits cytotoxicity induced by ABT-737
but not by TW-37. This observation suggests that there is no overlap between MCL1 and
BCL2L10 function. The most likely reason is that they partner with different BH3-only
sensitizers proteins; Noxa and Hrk interact with MCL1 and BIK with BCL2L10. Another
implication of the finding above is that BCL2L10 shares functions with ABT-737 targets.
Similar to BCL2L10, Bcl-xL and Bcl-w also interact with Bik, apart from other sensitizers.
Hence, it is tempting to speculate that these two proteins, rather than BCL2 (that interacts
with Bmf and Bad, but not with Bik), are the ones that present some functional similitudes
with BCL2L10. Therefore, the very restricted (Bik and Bim) and unique BH3-only protein
binding profile of BCL2L10 may determine its biological function. Moreover, unlike the
other five Bcl-2 anti-apoptotic proteins, BCL2L10 exclusively inhibits Bax-dependent cell
death and is not involved in Bid or Bak-dependent apoptosis. These observations are consis-
tent with sequence and phylogenetic analysis that suggest BCL2L10 is the most divergent
Bcl-2 anti-apoptotic member [66]. On the other hand, when we inhibited BCL2L10 by either
shRNA or the ML258 inhibitor, we observed increased cell death, suggesting that BCL2L10
has distinct functions from that of ABT-737 targets. Although this observation does not
contradict the previous conclusion that BCL2L10 functions overlap with that of ABT-737
targets, it adds another layer of complexity to the BCL2L10 function. Notwithstanding,
these experiments just represent an initial exploration of the similitudes and differences of
BCL2L10 with the other five Bcl-2 anti-apoptotic proteins.

The mechanisms underlying the pro-survival activity of BCL2L10 in melanoma have
not been explored in this work. The conventional interpretation is that BCL2L10 regulates
apoptosis by interacting with BH3-only proteins and inhibiting the intrinsic pathway
of apoptosis [12,20,22,67]. However, it was also demonstrated that BCL2L10 prevents
apoptosis by BH3-independent mechanisms and through the binding of Apaf-1 [19,21,68],
a critical component of the apoptosome implicated in the cleavage of Procaspase-9. The
anti-apoptotic effect of BCL2L10 was also shown to be the consequence of the inhibition of
mitophagy [69] or the release of Ca2+ from the endoplasmic reticulum [29]. Future studies
will determine specifically which of these mechanisms are operating in melanoma cells.

The constitutive activation of the BRAF/MEK/ERK pathway is a hallmark of melanoma.
Pharmacological inhibition of this pathway strongly enhances the expression or activity of
almost all Bcl-2 pro-apoptotic proteins [70]. However, the initial effect of BRAF inhibitors
is usually not cytotoxic but cytostatic (i.e., G1 cell arrest) since the accumulation of pro-
apoptotic BH3-only proteins is neutralized by the abundant amounts of anti-apoptotic
proteins usually expressed by melanoma cells. However, the induction of BH3-only pro-
teins by BRAF inhibition efficiently primes tumor cells for apoptosis, allowing them to
straightforwardly tilt the balance toward cell death by co-targeting the pro-survival Bcl-2
family members. In agreement with this model, it has been demonstrated that ABT-737
and other BH3 mimetics combine synergistically with MAPK inhibitors in the killing of
BRAF mutant melanoma cells [71–73]. These observations have provided the rationale
to use this combination in melanoma patients (ABT-263 [74] plus dabrafenib and trame-
tinib, clinical trial NCT01989585) with the intent to delay the onset of resistance to BRAF
inhibitors. This phenomenon of apoptotic priming by BRAF inhibitors can also enhance
the cytotoxicity of standard chemotherapy, suggesting that this combination still needs to
be further investigated [75–78]. We evaluated the role of BCL2L10 in these two possible
therapeutic scenarios. Even though we have demonstrated that BCL2L10 can prevent cell

38



Cancers 2021, 13, 78

death by both cisplatin and ABT-737, in the presence of PLX-4032, the protective role of
BCL2L10 was much more pronounced (compare Figure 7 vs. Figure 5B for cisplatin and
Figure 7 vs. Figure 6A for ABT-737). This difference may be due to the upregulation of
Bik, one of the few BCL2L10 partners, following ERK pathway inhibition [79,80]. If this
hypothesis holds true, it may indicate that inhibition of BCL2L10 can be envisioned as an
additional way to enhance the clinical efficacy of BRAF inhibition.

Altogether, our results indicate that the elevated expression of BCL2L10 in melanoma
contributes to cell survival upon treatment with different cytotoxic compounds, making
BCL2L10 a promising target in the context of inhibiting anti-apoptotic Bcl-2 proteins in
malignant melanoma treatment.

4. Materials and Methods
4.1. Cell Culture

Melanoma cell lines were kindly provided by Dr. Zeev Ronai (Sanford Burnham Prebys
Medical Discovery Institute, San Diego, CA, USA) except for the M2 cell line that was provided
by Dr. S. Alvarez (IMIBIO-SL) [81]. All cell lines were maintained in DMEM supplemented
with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) 100 U/mL penicillin and
100 mg/mL streptomycin (Invitrogen, Carlsbad, CA, USA) at 37 ◦C and 5% CO2. Cells were
transfected with calcium phosphate or by lipofectamine PLUS reagent (Invitrogen) following
the manufacturer’s protocol. The cell lines are free of mycoplasma contamination and were
authenticated as described [82].

4.2. Plasmids and Viral Constructs

The BCL2L10 expression plasmid incorporating the N-terminal Myc epitope tag has
been previously described [83]. This vector was introduced into M2 cells, and transfected
cells were selected with 100 ug/mL Hygromycin B (Gibco). The oligonucleotides targeting
STAT3 (5′-GCAGCAGCTGAACAACATG-3′ and 5′-GATTGACCTAGAGACCCAC-3′) [82]
and scramble (5′-GAAACTGCTGACCGTTAAT-3′) were cloned into the pRetroSuper vec-
tor. Silencing of BCL2L10 was performed using pLKO.1 shRNA clones TRCN0000033595
and TRCN0000033596 designed by The RNAi Consortium (TRC) and previously vali-
dated [84]. Viral particles were generated as described [85].

4.3. Real-Time PCR

Real-time PCR was performed as described [86]. Specific primers used for PCR were
as follows: BCL2L10 forward 5′ GCCTTCATTTATCTCTGGACAC3′; BCL2L10 reverse,
5′AAGGTGCTTTCCCTCAGTTC3′, RNPII forward 5′GCTGTGTCTGCTTCTTCTG3′, RN-
PII reverse 5′CGAACTTGTTGTCCATCTCC3′ RNPII (RNA Polymerase II) served as an
endogenous control. Reactions were run in triplicate. The target mRNA concentration of
control cells, normalized to the level of RNPII mRNA, was set to 1.

4.4. Chromatin Immunoprecipitation (ChIP)

For ChIP analysis, UACC903 cells were fixed with 11% formaldehyde and sheared
chromatin was immunoprecipitated with a STAT3 antibody (sc-482, Santa Cruz Biotech-
nology, Dallas, TX) or control IgG and subjected to real-time PCR. The following primers
corresponding to the proximal region of the BCL2L10 promoter were used: BCL2L10
(−1330/−1181) forward 5′GGCCTAGTAGCAAGGCAGAA3′ and BCL2L10 (−1330/−1181)
reverse 5′GGCCTAGTAGCAAGGCAGAA3′ and BCL2L10 (−664/−516) forward 5′CTAAG
ACAGCTGCCAAGTGC3′ and BCL2L10 (−664/−516) reverse 5′TCCATTCTGCATCAGTC
TGG3′. The primers BCL2L10 (−2157/−2025) forward 5′CTTTGGAGGGAGAATTCCA3′

and BCL2L10 (−2157/−2025) reverse 5′CAGATGGACAGAATTACATGC3′ were used as
a control.
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4.5. Luciferase Assays

The BCL2L10 promoter was amplified from genomic DNA from HUVEC cells using
the primers: −1674 (forward) 5′CTCTTTCATGTGGTACCAGCAC3′ and +234 (reverse)
5′TTACGGCAGATTCACCGGTC3′. The purified product was amplified in a semi-nested
PCR using the same forward primer and the reverse primer +115 5′GGGAGCGCACTCGAG
CTGTTG3′. The smaller fragments were generated using the +115 reverse primer and the
following forward primers: −703 5′ACCCAGTCTATGGCATTCTGC3′, −678 5′ GCCGC-
CTGGTACCAGACTAAGAC 3′ and −548 5′ CCACTGCTGGTA CCATTCTGC 3′. The
three promoter fragments were cloned into the Xho I y Kpn I sites of the pGL2-Basic
plasmid. Site-directed mutagenesis of STAT3 sites was performed using the QuikChange II
kit (Stratagene, San Diego, CA, USA) following the manufacturer’s protocol. Cell lysates
were prepared from lipofectamine-transfected cells after 24 or 48 h. Luciferase activity was
measured with the luciferase assay system (Promega, Madison, WI, USA) in a Berthold
luminometer (Berthold Technologies, Bad Wildbad, Germany, Germany) and was normal-
ized with β-galactosidase activity measured in the same sample. Results are shown as the
mean (bar) ± SD

4.6. Proliferation Assays

Cells (5 × 103/well) were plated in a 96-well plate (8 wells per time-point) and
incubated for 72 h with DMEM 10% FBS. Cells were fixed (4% PFA), washed and stained
with 0.1% crystal violet in 10% ethanol for 30 min. Then, the crystal violet solution was
recovered, and plates were washed by immersion and dried at 37 ◦C. Crystal violet was
dissolved in 10% Acetic Acid. The absorbance (optical density (OD)) was detected at
590 nm with a µQuant microplate reader (Biotek Instruments, Winooski, VT, USA). A plate
fixed at 6 h was used as a control of seeding. A standard calibration curve was used to
convert OD to the number of cells.

4.7. Immunohistochemistry

All the melanoma samples were from the Hospital Israelita archives, currently at
the Universidad Maimonides. Samples were deparaffinized, rehydrated, and subjected
to heat-induced epitope retrieval using citrate buffer (10 mM, pH 6). The endogenous
peroxidase activity was quenched by placing them in methanol, 1.5% H2O2 for 30 min. After
washing, the slides were blocked with blocking solution (PBS, 3% BFS) for 30 min at room
temperature. The slides were incubated with a 1:300 dilution of the anti-BCL2L10 antibody
(PA5-22190, Invitrogen) for 1 h at 30 ◦C in a humidified chamber. The signal was detected
using VECTASTAIN® Elite ABC Kit according to manufacturer protocol, followed by the
staining with the DAB Substrate kit, Peroxidase (HRP), with nickel (Vector, Burlingame,
CA, USA), as indicated by the kit. Sections were counterstained with hematoxylin and
analyzed by a pathologist.

4.8. Crystal Violet Cytotoxicity Assay

Cells (5 × 103/well) were plated in 96-well plates and incubated for 24 h with DMEM
10% FBS. Thereafter, the testing compounds were added to the plate (in quadruplicates)
and left for 48 h. The concentration of the drugs is indicated in the corresponding figure
legend. Cells were incubated with DMSO as a control. After removal of the medium, the
plates were rinsed with 100 µL PBS/well, fixed and stained with 200 µL of 0.1% crystal
violet in 10% ethanol for 30 min. Plates were rinsed 4 times in tap water and dried at 37 ◦C.
Crystal violet was dissolved in 10% acetic acid. The absorbance (optical density (OD)) was
detected at 590 nm with a µQuant microplate reader (Biotek Instruments). A plate fixed
at 6 h was used as a control of seeding. A standard calibration curve was used to convert
OD to the number of cells. The percentage of cytotoxicity was calculated as the quotient
between the number of cells in treated wells and the number of cells in untreated wells
times 100.
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4.9. Quantification of Apoptotic Cell Death

The M2 cells were seeded on 6-well plates at a density of 1.25× 105 cells per well. The
following day they were exposed to 40 µM cisplatin or 10 µM ABT-737 for 24 h. A375 cells
were treated with 10 µM ABT-737 and 40 µM ML258, either alone or in combination for
24 h. Cells were washed twice with PBS and resuspended in 100 µL of annexin V binding
buffer (pH 7.4) (BD Biosciences, Franklin Lakes, NJ, USA). Then, annexin V-Alexa Fluor 488
(BD Biosciences) was added and incubated for 15 min under dark conditions. Propidium
iodide (0.1 µg/mL; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added just
prior to signal acquisition. Cells were analyzed using a FACSAria flow cytometer (BD Bio-
sciences, San Jose, CA) and analyzed with FACSDiva 7.6.1 software (BD Biosciences).

4.10. Western Blotting

For the Western blotting analysis, cell lysates were collected by the addition of lysis
buffer supplemented with protease and phosphatase inhibitors for 10 min on ice [87]. The
cell lysates were centrifuged at 13,000 rpm for 15 min at 4 ◦C, and the supernatants were
collected and quantified using the Bradford method. Between 20 and 50 µg of proteins were
diluted in 6× Lemmli buffer, boiled at 95 ◦C for 5 min, separated on 8–12% SDS–PAGE gels
and then transferred to nitrocellulose membrane. The membranes were blocked with 5%
milk in 0.05% Tween-PBS at room temperature for 1 h and then incubated with the primary
antibodies at 4 ◦C overnight. The following antibodies were used: GAPDH (sc-25,778),
STAT3 (sc-482), pSTAT3 (sc-8059), and caspase-3 (sc-7148) from Santa Cruz Biotechnolo-
gies, cleaved caspase-3 (9664) from Cell Signaling (Danvers, MA, USA) and caspase-8
(66231A) from BD Pharmingen. The primary antibodies anti-BCL2L10 were from Invitro-
gen (PA5-22190) and from Cell Signaling (CS #3869) and were both used at a 1:1000 dilution.
Antibodies to β-actin (A5441) and α-tubulin (T9026) were from Sigma. The corresponding
HRP-conjugated secondary antibodies: anti-mouse (GE NA931V), anti-rabbit (GE NA934)
or anti-goat (sc-2020) were incubated for 1 h at room temperature. Immunoreactive bands
were detected by an ECL system (Amersham Biosciences, Buckinghamshire, UK) using an
image reader (ImageQuant 350, GE Healthcare, Chicago, IL, USA). Quantification of band
intensities was performed using ImageJ (NIH). The intensity of each band was normalized
to GAPDH or another housekeeping gene (i.e., Tubulin or actin) and the fold change (FC)
relative to control cells was calculated. To draw a conclusion on a particular experiment, at
least three biological (independent) replicates of paired samples were examined to calculate
the mean and standard deviation. The log transformation of FC values was calculated to
obtain a more symmetric distribution that better suits the normality assumptions of the
subsequent statistical tests.

4.11. Statistics

Except when indicated, experiments were performed at least 3 times. Mean differences
between groups were determined using either Student’s t-tests (Figures 4B and 5A (M2 cells),
Figure 5B,E,G,H, Figure 6A,B,D and Figure 7) or one-way ANOVAs followed by post hoc tests
(Figure 1D, Figure 3C–F, Figure 4C,D, Figure 5A (A375 cells), Figures 5C and 6E,F,H). Values
of p < 0.05 were considered statistically significant. Statistical analyses were conducted using
software from GraphPad Prism.

5. Conclusions

The data presented here allow us to conclude that BCL2L10 is frequently and abun-
dantly expressed in melanoma. BCL2L10 plays a pro-survival role by contributing to the
resistance of melanoma cells to DNA-damaging agents and ABT-737. These functions were
also observed in the context of BRAF inhibition, indicating that targeting BCL2L10 may
enhance the clinical efficacy of other therapies against melanoma.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/1/78/s1, Figure S1: Whole Western blot figures for Figure 1, Figure S2: Antibodies PA5-
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22190 and #3869 have the same pattern of reaction against BCL2L10. Figure S3: Expression of other
Bcl-2 protein family members was not affected by BCL2L10 overexpression. Figure S4: Analysis of
GSE64536, GSE63092, and GSE48124 demonstrated that STAT3 inhibition reduced BCL2L10 mRNA
levels. Figure S5: Overlap of P-STAT3 and BCL2L10 staining in melanoma samples, Figure S6:
Whole Western blot figures for Figure 3, Figure S7: Whole Western blot figures for Figure 5 Table S1:
Immunohistochemical analysis of BCL2L10 staining in samples from melanoma patients.
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Simple Summary: In this study, we investigated the expression of 27 cytokines/chemokines in
the serum of 232 individuals (136 melanoma patients vs. 96 controls). It identified several
cytokines/chemokines differently expressed in melanoma patients as compared to the healthy
controls, as a function of the presence of the melanoma, age, tumor thickness, and gender, indicating
different systemic responses to the melanoma presence. We also analyzed the gene expression of the
same 27 molecules at the tissue level in 511 individuals (melanoma patients vs. controls). From the
gene expression analysis, we identified several cytokines/chemokines showing strongly different
expression in melanoma as compared to the controls, and the 4-gene signature “IL-1Ra, IL-7, MIP-1a,
and MIP-1b” as the best combination to discriminate melanoma samples from the controls, with an
extremely high accuracy (AUC = 0.98). These data indicate the molecular mechanisms underlying
melanoma setup and the relevant markers potentially useful to help the diagnosis of biopsy samples.

Abstract: The identification of reliable and quantitative melanoma biomarkers may help an early
diagnosis and may directly affect melanoma mortality and morbidity. The aim of the present study
was to identify effective biomarkers by investigating the expression of 27 cytokines/chemokines in
melanoma compared to healthy controls, both in serum and in tissue samples. Serum samples were
from 232 patients recruited at the IDI-IRCCS hospital. Expression was quantified by xMAP technology,
on 27 cytokines/chemokines, compared to the control sera. RNA expression data of the same 27
molecules were obtained from 511 melanoma- and healthy-tissue samples, from the GENT2 database.
Statistical analysis involved a 3-step approach: analysis of the single-molecules by Mann–Whitney
analysis; analysis of paired-molecules by Pearson correlation; and profile analysis by the machine
learning algorithm Support Vector Machine (SVM). Single-molecule analysis of serum expression
identified IL-1b, IL-6, IP-10, PDGF-BB, and RANTES differently expressed in melanoma (p < 0.05).
Expression of IL-8, GM-CSF, MCP-1, and TNF-α was found to be significantly correlated with Breslow
thickness. Eotaxin and MCP-1 were found differentially expressed in male vs. female patients. Tissue
expression analysis identified very effective marker/predictor genes, namely, IL-1Ra, IL-7, MIP-1a,
and MIP-1b, with individual AUC values of 0.88, 0.86, 0.93, 0.87, respectively. SVM analysis of
the tissue expression data identified the combination of these four molecules as the most effective
signature to discriminate melanoma patients (AUC = 0.98). Validation, using the GEPIA2 database
on an additional 1019 independent samples, fully confirmed these observations. The present study

Cancers 2020, 12, 3680; doi:10.3390/cancers12123680 www.mdpi.com/journal/cancers47



demonstrates, for the first time, that the IL-1Ra, IL-7, MIP-1a, and MIP-1b gene signature discriminates
melanoma from control tissues with extremely high efficacy. We therefore propose this 4-molecule
combination as an effective melanoma marker.

Keywords: melanoma markers; cytokines; machine learning; Support Vector Machine; principal
component analysis

1. Introduction

Melanoma is the most aggressive skin cancer with a good prognosis when early diagnosis is
achieved. While relevant advances come from newly available therapies, novel approaches are
necessary to improve early diagnosis and therapeutic efficacy. Several studies addressed the complex
role that specific cytokines and growth factors may play in melanoma biology, acting either as
pro- or anti-proliferation and either positively or negatively regulating the immune response [1].
For instance, CXCL10 (IP-10) exerts both pro-and anti-melanoma effects, mostly due to splice variants
of its CXCR3 receptors [2]. Several cytokines/chemokines and corresponding receptors are known to
be expressed in melanoma tissue, to regulate the multifaceted machinery coordinating the proliferation
rate, the angiogenic response, the inflammatory response, the immune response, and the metastatic
diffusion [1,3]. Simultaneous quantification of several cytokine/chemokine analytes has recently
become available in serum as well as in tissue samples. Previous studies report gene expression
profiles identifying low- vs. high-risk patients. For instance, the 31 GEP prognostic classifier identifies
BAP1b, MGP, SPP1, CXCL14, CLCA2, S100A8, BTG1, SAP130, ARG1, KRT6B, GJA1, ID2, EIF1B,
S100A9, CRABP2, KRT14, ROBO1, RBM23, TACSTD2, DSC1, SPRR1B, TRIM29, AQP3, TYRP1, PPL,
LTA4H, and CST6 [4]. Other studies investigated the expression of orphan receptors as well as known
chemokine receptors and chemokine ligands in melanoma metastases, leading to the identification of
several molecules differentially expressed in metastatic melanoma, such as GPR18, GPR34, GPR119,
GPR160, GPR183, P2RY10, CCR5, CXCR4, CXCR6, CCL4, CCL5, CCL14/15, CXCL8, CXCL9, CXCL14,
and XCL1/2 [5]. An additional study reports a significant expression change of six chemokines (namely,
CCL2, CCL3, CCL4, CCL5, CXCL9, and CXCL10) related to the lymphocyte infiltration in the melanoma
tissue [6]. Statistically significant differential plasma expression in melanoma patients vs. controls has
been reported for IL-2, IL-6, and IL-10 [7]. Despite the high statistical significance of the differences,
none of these molecules show relevant AUC values according to ROC analyses; therefore, to date,
they cannot be proposed as markers with clinical relevance.

Additional studies carried out in melanoma patients identified the serum expression level of
proinflammatory cytokines, such as IL-2Ra, IL-12-p40, and IFN-α, as good predictors of relapse-free
survival [8]. In another study carried out in 40 patients, the serum expression levels of 115 analytes
were investigated, including most of the known cytokines and chemokines, such as IL-6, IL-7, IL-10,
IL-16, TNF- α trimer, IL-1b, IFN-γ, IL-4R, IL-18, RANK-L, IL-1b, IL-2R, IL-6R, MPIF-1, Leptin, MIG,
GDNF, MIP-1 alpha, MIP-1b, MIP-1 delta, ITAC, GM-CSF, MCP-4, MIP-3a, MIP-3b, MMP-1, SP-C,
amphiregulin, RANK, MCP-2, IP-10, OPG, FGF-2, and many others. The serum expression profile of
TNF-α receptor II, TGF-a, TIMP-1, and C-reactive protein was identified as a profile with prognostic
value to predict overall survival in melanoma patients, with an Area Under the Curve (AUC) of
0.89 reduced to 0.72 when the leave-one-out cross-validation technique was applied [9]. An additional
study indicates the expression of IL-1Ra, IL-2, and IFNa2 as pro-inflammatory cytokines related to
the cytotoxicity associated with anti-CTL4 and anti-PD1 combined therapy [10]. Tissue expression of
CCR6 and its ligand CCL20 (MIP-3a) were identified as progression predictors in primary melanoma
patients [11]. Prostate-specific membrane antigen (PSMA) was identified by immunohistochemistry
analysis as a good marker of metastatic melanoma, in 41 Stage III/IV melanoma human specimens [12].
The ROC analysis measured an AUC = 0.82, i.e., a good performance but not good enough to allow
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its clinical application as a melanoma marker. Consensus among different studies is often difficult
given experimental discrepancies on serum/plasma handling or the antibodies’ sensibility/specificity.
Using multiplex immune-based technology may overcome these issues, at least in part, by measuring
many different analytes within the same sample.

We have previously investigated melanoma markers by in vitro screening [13], as well as by
investigating the ion channels [14,15], autophagy-related molecules [16,17], or molecules related
to lipid metabolism [18] in populations composed of hundreds/thousands of controls and patients.
In the present study, we investigated the cytokine/chemokine protein expression in the serum of 232
controls/melanoma patients recruited in our hospital, and the gene expression on 511 melanoma tissues
selected from the GENT2 database. We report here, for the first time, significant differences related to
gender, age, and Breslow thickness in the serum-expression dataset. In the tissue-expression dataset,
we report, for the first time, a highly relevant gene marker combination, discriminating healthy controls
from melanoma patients with an extremely high accuracy, and reaching an AUC = 0.982, according to
the ROC analysis.

2. Results

The cytokine/chemokine expression in melanoma patients was analyzed to identify molecules with
strong and significant differential expression in patients vs. controls. The cytokine/chemokine protein
expression in the serum of 232 patients recruited at the IDI hospital and their RNA expression in tissue
biopsies of 511 samples from the GENT2 public database were evaluated. The serum expression and tissue
expression of the same 27 human chemokines/cytokines were analyzed as a single-molecule analysis, as a
paired-molecule analysis, or as a profile analysis, as reported in the cartoon depicted in Figure 1.

2.1. Serum Expression: Single-Molecule Analysis of the Cytokines/Chemokines in Melanoma Patients vs.
Controls

The serum dataset included the following information: histopathological diagnosis (96 pathological
subjects versus 136 controls), sex (112 male and 120 female), age (median 46.5 years, and mean
48.54 years), Breslow’s depth (minimum value 0 mm, maximum 12 mm, median 0.7 mm, and mean
1.34 mm), and the expression values of the 27 cytokines/chemokines expressed as pg/mL. Table 1
summarizes the information on the serum dataset.

Table 1. Descriptive statistics of the population for the serum-expression analysis.

Patient Type Number Mean Age Mean Thickness (mm) Thickness Distribution

<1 mm *
Number

≥1 mm *
Number

Female controls 72 41.3 0.00 0 0

Male controls 64 45.3 0.00 0 0

Female
melanoma 48 54.5 1.60 23 22

Male
melanoma 48 58.0 1.08 31 14

Total 232

* The 1 mm limit is consistent with the current threshold used for staging of T1 melanoma patients and allowed the
best case distribution. Not all pathological samples report the thickness value.

Tables S1 and S2 report more general data (number of samples for each molecule, minimum value,
25% percentile, median, 75% percentile, maximum, mean, standard deviation, and having passed the
normality test (or not)) for all controls and all melanoma patients, respectively.

Table 2 reports the mean values of serum expression of the 27 cytokines/chemokines, the statistical
significance of the differences, and the AUC according to the ROC analyses. Five molecules show a
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significantly (p < 0.05) different expression in melanoma vs. the controls, namely, IL-1b, IL-6, IP-10,
PDGF-BB, and RANTES. The ROC analyses indicated that none shows a good ability to act as a serum
marker of melanoma; in fact, an AUC < 0.70 was found in all cases. Nevertheless, the following
Breslow-, age-, and gender-specific characterization indicated many statistically significant differences.Cancers 2020, 12, x FOR PEER REVIEW 4 of 27 

 

Figure 1. The cartoon reports the study workflow for the serum and tissue samples.  
Figure 1. The cartoon reports the study workflow for the serum and tissue samples.
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Table 2. Serum expression. Medians of the expression values of the 27 cytokines/chemokines
for the control and melanoma patients. The table also reports the significance of the differences
according to Mann–Whitney analyses. For p-values < 0.05, the null hypothesis that the control and
melanoma patients have the same median should be rejected (significant values reported in bold
and are underlined); i.e., a p < 0.05 indicates a significant difference. Moreover, the table reports the
classification performances as the AUC values from the ROC analyses.

Cytokines
Controls
Median
(n = 136)

Melanoma
Median
(n = 96)

p-Value
Mann–Whitney

Controls vs. Melanoma

AUC ± S.E.
by ROC Analysis

IL-1b 0.53 0.65 0.04 0.61 ± 0.05

IL-1Ra 26.77 17.83 0.14 0.56 ± 0.04

IL-2 3.45 2.14 0.14 0.66 ± 0.10

IL-4 2.95 2.88 0.47 0.53 ± 0.04

IL-5 2.77 2.34 0.22 0.60 ± 0.08

IL-6 5.37 3.17 0.04 0.70 ± 0.09

IL-7 2.24 2.24 0.72 0.52 ± 0.05

IL-8 6.63 6.4 0.55 0.52 ± 0.04

IL-9 45.58 42.05 0.29 0.54 ± 0.04

IL-10 7.08 4.56 0.10 0.63 ± 0.08

IL-12(p70) 15.74 16.07 1.00 0.50 ± 0.05

IL-13 2.43 2.99 0.83 0.52 ± 0.09

IL-15 52.22 30.11 1.00 0.50 ± 0.27

IL-17 16.72 13.1 0.37 0.54 ± 0.04

Eotaxin 95.28 106.28 0.38 0.53 ± 0.04

FGF-2 32.68 30.01 0.26 0.55 ± 0.04

G-CSF 4.73 5.41 0.33 0.55 ± 0.05

GM-CSF 10.21 10.63 0.67 0.53 ± 0.06

IFN-γ 19.1 23.2 0.48 0.53 ± 0.04

IP-10
(CXCL10) 438.69 501.41 0.04 0.58 ± 0.04

MCP-1(MCAF) 18.59 12.49 0.24 0.58 ± 0.07

MIP-1a (CCL3) 1.78 1.74 0.59 0.52 ± 0.04

MIP-1b (CCL4) 54.36 56.26 0.43 0.53 ± 0.04

PDGF-BB 1603.74 1033.41 0.01 0.61 ± 0.05

RANTES
(CCL5) 11,353.34 8735.27 0.01 0.57 ± 0.06

TNF-α 16.4 18.06 0.26 0.52 ± 0.06

VEGF 59.75 57.98 0.88 0.54 ± 0.06

Bold underlined: highlight the result.

The Breslow thickness-related differences are reported in Tables 3 and 4. Table 3 reports the mean
expression of the 27 cytokines in all melanoma patients as a function of Breslow thickness <1 mm vs.
>1mm. Three molecules, namely IL-8, MCP-1, and RANTES, show a statistically significant differential
expression. As a further characterization, the correlation of Breslow thickness with serum expression
was then investigated in all melanoma patients. Expression of IL-8, GM-CSF, and MCP-1 on one site,
and TNF-α on the other, shows a significant negative and positive correlation, respectively (Table 4).
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Table S3 reports the correlations with Breslow thickness in male melanoma and in female melanoma
patients and shows that the cytokines with significant correlations are different in males vs. females.

Table 3. Serum expression as a function of Breslow thickness. Count indicates the number of patients
analyzed. The median expression values of the 27 molecules with a Breslow thickness <1 mm or >1 mm
are reported. The significance of the difference according to the Mann–Whitney analyses is also reported:
for p-values > 0.05, the null hypothesis that the two distributions of cytokine expressions have the
same median should be rejected (significant values are reported in bold and are underlined). In simpler
words, when the p-value is < 0.05, the cytokine expressions in patients with a Breslow thickness <1 mm
and expression in patients with a thickness >1 mm have significantly different medians.

Cytokines

Melanoma Breslow
Thickness
<1 mm

Melanoma Breslow
Thickness
≥1 mm

Mann-Whitney
<1 mm vs. ≥1

mm

Count Median Count Median p Value

IL-1b 26 0.65 16 0.72 0.66

IL-1Ra 44 18.24 27 17.83 0.59

IL-2 5 1.9 7 2.38 0.25

IL-4 54 2.85 35 3.06 0.81

IL-5 15 2.34 9 1.7 0.86

IL-6 7 0.83 8 3.34 0.18

IL-7 31 2.24 15 2.9 0.34

IL-8 47 7.8 30 5.78 0.01

IL-9 52 42.55 35 41.91 0.64

IL-10 11 3.84 10 5.12 0.92

IL-12(p70) 40 20.48 20 14.64 0.51

IL-13 11 2.43 8 3.2 0.60

IL-15 2 13.02 1 42.31 0.67

IL-17 38 13.15 30 11.79 0.94

Eotaxin 54 108.94 35 93.24 0.71

FGF-2 49 29.73 34 31.46 0.77

G-CSF 27 5.45 10 4.12 0.30

GM-CSF 17 14.06 25 9.78 0.22

IFN-γ 51 23.49 31 22.13 0.51

IP-10 (CXCL10) 53 491.81 35 574.3 0.88

MCP-1(MCAF) 18 10.56 11 24.83 0.02

MIP-1a (CCL3) 54 1.82 35 1.71 0.56

MIP-1b (CCL4) 53 55.51 35 53.52 0.73

PDGF-BB 53 1048.16 35 1080.98 0.47

RANTES (CCL5) 53 10,341.43 35 7534.18 0.03

TNF-α 43 16.65 19 22.78 0.06

VEGF 51 63.58 35 52.26 0.45

Bold underlined: highlight the result.
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Table 4. Serum expression in all melanoma patients (male + female): correlation with Breslow thickness.
For p-values < 0.05 (reported in bold and underlined), the null hypothesis (i.e., the Spearman’s
correlation coefficient R is 0) should be rejected; i.e., cytokine distributions with p-values < 0.05 are
significantly correlated with Breslow thickness.

Cytokines No. of Pairs Spearman R Correlation of Serum
Expression with Breslow Thickness p-Value (2-Tails)

IL-1b 42 0.04 0.80

IL-1Ra 71 0.04 0.75

IL-2 12 0.01 0.97

IL-4 89 −0.02 0.88

IL-5 24 0.01 0.96

IL-6 15 0.24 0.40

IL-7 46 0.28 0.06

IL-8 77 −0.23 0.05

IL-9 87 −0.09 0.42

IL-10 21 −0.14 0.55

IL-12(p70) 60 −0.02 0.86

IL-13 19 −0.09 0.72

IL-15 3 1.00 0.33

IL-17 68 0.05 0.67

Eotaxin 89 −0.01 0.96

FGF-2 83 0.03 0.81

G-CSF 37 0.04 0.83

GM-CSF 42 −0.40 0.01

IFN-γ 82 0.07 0.53

IP-10 (CXCL10) 88 0.04 0.72

MCP-1(MCAF) 29 0.39 0.04

MIP-1a (CCL3) 89 −0.09 0.40

MIP-1b (CCL4) 88 −0.02 0.86

PDGF-BB 88 −0.10 0.35

RANTES (CCL5) 88 −0.20 0.06

TNF-α 62 0.31 0.01

VEGF 86 −0.02 0.87

Bold underlined: highlight the result.

A further analysis was carried out as a function of age, in all melanoma patients and all controls.
The Spearman’s correlation index was computed between the age and the expression value of each
cytokine. Seven significant correlations were found in the controls involving IL-7, IL-12(p70), IL-13,
IP-10, MIP-1a, MIP-1b, and VEGF. Such correlation were mostly lost in the melanoma patients; in fact,
the patients showed only two significant correlations with age, namely, IP-10 and G-CSF (Table 5).
A similar finding in male controls vs. male melanoma and in female controls vs. female melanoma
is reported in Tables S4 and S5, showing a strong reduction in the correlation with age in melanoma
samples compared to the controls.
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Table 5. Serum expression in all melanoma patients (male + female): correlation with age. For p-values
< 0.05 (reported in bold and underlined), the null hypothesis (i.e., the Spearman correlation coefficient
R is 0) should be rejected; i.e., cytokine distributions with p-values < 0.05 are significantly correlated
with age.

Cytokines

All Controls (Male + Female) All Melanoma (Male + Female)

No. of
Pairs

Spearman R
Correlation of Serum
Expression with Age

p Value
(2 Tails)

No. of
Pairs

Spearman R
Correlation of Serum
Expression with Age

p-Value
(2 Tails)

IL-1b 85 0.14 0.21 44 −0.13 0.40

IL-1Ra 121 0.15 0.10 75 −0.08 0.50

IL-2 19 −0.21 0.38 13 0.23 0.46

IL-4 135 0.08 0.36 95 −0.05 0.66

IL-5 30 0.34 0.07 25 −0.20 0.33

IL-6 21 0.00 0.99 16 −0.01 0.96

IL-7 81 0.35 0.001 48 −0.09 0.53

IL-8 128 0.12 0.17 83 −0.20 0.07

IL-9 135 0.12 0.17 93 0.05 0.61

IL-10 39 0.05 0.77 22 −0.09 0.69

IL-12(p70) 110 0.30 0.002 62 −0.08 0.55

IL-13 27 0.39 0.04 19 0.21 0.38

IL-15 2 - - 4 - -

IL-17 108 0.12 0.23 73 −0.01 0.93

Eotaxin 132 0.13 0.13 95 −0.01 0.97

FGF-2 129 0.02 0.85 88 0.01 0.94

G-CSF 92 −0.03 0.76 40 −0.38 0.02

GM-CSF 48 −0.05 0.72 46 −0.10 0.53

IFN-γ 136 0.09 0.31 86 −0.12 0.26

IP-10
(CXCL10) 136 0.22 0.01 94 0.20 0.05

MCP-1(MCAF) 47 0.11 0.45 30 −0.17 0.38

MIP-1a
(CCL3) 133 0.23 0.01 95 −0.16 0.13

MIP-1b
(CCL4) 136 0.30 0.0005 94 −0.15 0.15

PDGF-BB 135 0.02 0.86 94 −0.11 0.29

RANTES
(CCL5) 136 −0.02 0.84 94 −0.08 0.42

TNF-α 120 0.17 0.06 65 −0.14 0.28

VEGF 135 0.17 0.05 92 0.09 0.41

Bold underlined: highlight the result.

Then, a gender-specific analysis was carried out. Namely, expression levels of the 27 cytokines
in male melanoma were compared to female melanoma. Table 6 shows that Eotaxin is significantly
increased in male vs. female melanoma, and MCP-1 expression is significantly reduced in male vs.
female melanoma, highlighting gender-related differences in cytokine/chemokine serum expression.
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Table 6. Serum expression in male melanoma compared to female melanoma. For p-values < 0.05
(reported in bold and underlined), the null hypothesis (i.e., the two distributions have the same median)
should be rejected. Briefly, the cytokine distributions for the control and melanoma patients with
p-values < 0.05 have significantly different medians.

Cytokines
Male Melanoma Female Melanoma Mann–Whitney

Median Value Median Value p-Value

IL-1b 0.63 0.785 0.07

IL-1Ra 15.17 24.125 0.25

IL-2 1.9 3.09 0.14

IL-4 3.05 2.75 0.06

IL-5 2.34 2.02 0.36

IL-6 3.34 3.0 0.73

IL-7 2.24 2.31 0.49

IL-8 6.57 6.32 0.64

IL-9 44.35 38.84 0.14

IL-10 3.84 6.31 0.13

IL-12(p70) 16.94 14.57 0.98

IL-13 2.19 3.23 0.60

IL-15 - 30.11 -

IL-17 13.1 12.96 0.67

Eotaxin 135.15 91.8 0.002

FGF-2 32.55 29.73 0.25

G-CSF 5.09 5.45 0.60

GM-CSF 11.71 9.97 0.47

IFN-γ 20.83 27.33 0.26

IP-10 (CXCL10) 567.19 468.93 0.13

MCP-1(MCAF) 10.995 25.6 0.05

MIP-1a (CCL3) 1.86 1.7 0.49

MIP-1b (CCL4) 56.89 51.09 0.30

PDGF-BB 1145.64 900.76 0.06

RANTES (CCL5) 9536.67 7879.5 0.19

TNF-α 17.355 20.11 0.34

VEGF 65.345 50.515 0.49

Bold underlined: highlight the result.

Altogether, the results reported in Tables 2–6 indicate strong and significant differential expression
of several cytokines/chemokines, as a function of Breslow thickness, age, and gender. Such differences
support the known role of these molecules in controlling proliferation, immune response, chemotaxis,
and inflammation in melanoma samples, and provide molecular insights into the systemic response to
melanoma (see the Discussion section).

2.2. Serum Expression: Analysis of Paired Molecules by a Correlation Matrix

A correlation analysis was then carried out. Namely, Spearman’s correlations between the
expression values of all pairs of molecules were investigated in control and in melanoma patients.
Figures 2 and 3 show the molecule pairs exhibiting the highest correlation coefficients in the control and
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in melanoma patients, respectively. Specifically, Figure 2A,B shows the heatmap of the intersections
having a p < 0.05 and Spearman’s rank coefficient >0.60, in the control and melanoma samples,
respectively. Figure 3A,B show the molecules pair exhibiting a more severe selection, i.e., a correlation
with p < 0.05 and a coefficient >0.7. In Figure 2, the 27 molecules were roughly clustered according
to their biological functions. A higher number of strong correlations appear in the melanoma
samples as compared to the controls, involving either immune/inflammatory molecules, chemokines,
and angiogenic factors, indicating that the cytokines/chemokines expression network appears to be
more reciprocally correlated in the melanoma samples.Cancers 2020, 12, x FOR PEER REVIEW 10 of 27 
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2.3. Serum Expression: Profile Analysis by SVM

The serum expression of the 27 chemokines/cytokines was then analyzed as a global profile.
The SVM supervised learning algorithm was used, performing a simultaneous analysis of all molecules
as predictors of melanoma state. A 10-fold cross-validated, linear-kernel SVM search method was
carried out, and the missing values were handled in two alternative ways, as specified in the Methods
section. The SVM analysis of the sera data improved the classification efficacy as compared to the
single-molecule analysis reported in Table 2, leading to an AUC value = 0.761 and an average accuracy
of 0.724 with a p = 0.108 (reported in bold and underlined in Table 7). This is slightly higher than 0.7,
i.e., the best AUC value obtained by analysis in the single-molecule data (Table 2). Such a result was
obtained by removing the missing values and considering as predictors the age and the expression
values of the molecules IL-4, IL-8, IL-9, Eotaxin, FGF-2, IFN-γ, IP10, MIP-1a, MIP-1b, PDGF-BB,
RANTES, and VEGF.

Table 7. Results of the SVM method applied to the serum expression dataset. Missing values are either
removed or assigned as zero. In the first case, some molecules are removed from the predictor values
(remaining molecules are listed in the “Molecules” column). Sex and/or age are or are not regarded as
predictors. The p-value is the probability that the “Accuracy” value is not significantly above the “No
Info Rate” value.

Missing
Values

Num.
Melanoma

Num.
Controls

Training
Set Size

Testing
Set Size

Predictors:
Sex or
Age

AUC
(ROC) Accuracy No Info

Rate p-Value

Removed * 72 124 138 58

Sex, Age 0.674 0.621 0.64 0.66

Sex 0.658 0.638 0.64 0.56

Age 0.761 0.724 0.64 0.11

None 0.615 0.586 0.64 0.83

Set to 0 ** 96 136 164 68

Sex, Age 0.621 0.588 0.59 0.55

Sex 0.510 0.588 0.59 0.55

Age 0.704 0.662 0.59 0.13

None 0.619 0.588 0.59 0.55

* When the missing values were removed, IL-4, IL-8, IL-9, Eotaxin, FGF-2, IFN-γ, IP-10, MIP-1a, MIP-1b, PDGF-BB,
RANTES, and VEGF were simultaneously analyzed by the SVM. ** When the missing values were set to 0, all 27
cytokines/chemokines were simultaneously analyzed by SVM.

The SVM analysis on the serum expression data show that the profile analysis may improve the
classification efficacy as compared to the single-molecule analysis, but unfortunately not enough to
reach clinically relevant values.

2.4. Tissues Expression: Single-Molecule Analysis of 27 Cytokines/Chemokines in Melanoma Patients and Controls

Gene expression of the 27 chemokines/cytokines was then evaluated in tissue biopsies of melanoma
samples and in control samples. Expression data were derived from the skin cancers section of the
GENT2 database. The interface available at the link http://gent2.appex.kr/gent2/ presents data from all
skin cancers combined, reporting analyses of Basal Cell Carcinoma (BCC) pooled with Squamous Cell
Carcinoma (SCC), Merkel carcinoma primary, Merkel carcinoma metastatic, primary and metastatic
melanoma data, for a total of 810 samples. We therefore extracted data referring to normal skin, primary
melanoma, and all other melanoma data, excluding all other skin cancers from the analysis. After such
a selection, 511 samples were considered, namely, 201 normal skins, 83 primary/primary in-transit
melanoma patients, and 227 metastatic melanoma patients. The median gene expression values of the
27 molecules are reported in Table 8 for the three categories. No other stratifications (such as sex, age,
or Breslow thickness) were carried out, given the database limitations reported in the Material and
Methods section. Differences of the medians in the categories assessed by Mann–Whitney analysis
revealed that most molecules show significantly different median values (p < 0.05). ANOVA analysis
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was also carried out on the three groups, indicating similarly strong significant differences for most
molecules investigated (see Table S6).

Table 8. Tissue expression: medians of the expression values of the 27 chemokines/cytokines for
the control and for melanoma patients (all, primary, and metastatic). The table also reports the
significance of the difference according to Mann–Whitney analyses (Wilcoxon two-sample rank-sum
test): for p-values < 0.05 the null hypothesis (i.e., the corresponding sets of samples have the same
median) should be rejected (values in bold and underlined).

Cytokines

Median p-Value (Mann–Whitney)

Ctrls
(201)

Melanoma

Ctrls vs. all

(with Bonferroni Correction)

All
(310)

Prim.
(83)

Metast.
(227)

Ctrls vs.
Prim.

Ctrls vs.
Metast.

Prim. vs.
Metast.

IL-1b 6.66 7.04 6.73 7.15 <0.0001 0.15 <0.0001 0.71

IL-1Ra 9.38 7.02 7.03 7.01 <0.0001 <0.0001 <0.0001 1.31

IL-2 2.58 2.81 2.58 3.00 0.59 0.96 1.00 1.00

IL-4 3.46 3.46 3.17 3.58 0.96 0.45 1.00 0.15

IL-5 2.81 3.00 3.00 3.00 0.48 1.00 1.00 1.00

IL-6 5.61 6.39 5.98 6.64 <0.0001 0.06 <0.0001 0.06

IL-7 7.22 5.49 5.17 5.73 <0.0001 <0.0001 <0.0001 0.01

IL-8 3.32 3.32 3.17 3.32 0.99 1.00 1.00 1.00

IL-9 2.58 2.81 2.58 2.81 0.76 1.00 1.00 0.48

IL-10 3.70 4.88 4.75 5.04 <0.0001 <0.0001 <0.0001 0.66

IL-12(p70) 4.25 2.32 2.81 2.00 <0.0001 <0.0001 <0.0001 0.12

IL-13 5.64 5.52 5.55 5.49 0.96 1.00 1.00 1.00

IL-15 6.95 6.83 6.30 6.97 0.44 0.001 1.00 0.01

IL-17 5.67 6.83 6.07 7.37 <0.0001 0.08 <0.0001 0.05

Eotaxin 4.75 5.29 4.95 5.39 <0.0001 0.21 <0.0001 0.06

FGF-2 7.11 7.03 6.25 7.24 0.51 <0.0001 0.53 <0.0001

G-CSF 11.83 11.55 12.25 11.37 0.95 0.001 0.30 0.006

GM-CSF 4.81 4.64 4.52 4.64 0.83 1.00 1.00 0.99

IFN-γ 4.70 5.58 4.91 5.83 <0.0001 0.03 <0.0001 0.01

IP-10 (CXCL10) 2.81 3.86 3.17 4.25 <0.0001 0.36 <0.0001 0.01

MCP-1(MCAF) 3.32 3.46 3.00 3.58 0.03 1.00 0.03 0.01

MIP-1a (CCL3) 5.13 8.11 7.76 8.24 <0.0001 <0.0001 <0.0001 0.07

MIP-1b (CCL4) 5.29 7.90 7.35 8.13 <0.0001 <0.0001 <0.0001 0.12

PDGF-BB 13.21 13.01 13.21 12.83 0.02 0.60 0.001 0.003

RANTES (CCL5) 6.86 8.16 7.81 8.22 <0.0001 <0.0001 <0.0001 1.00

TNF-α 6.13 7.54 7.27 7.57 <0.0001 <0.0001 <0.0001 0.003

VEGF 8.95 8.97 8.67 9.03 0.37 0.001 1.00 0.002

Bold underlined: highlight the result; Italics: Genes.

A ROC analysis was then carried out for every molecule by comparing the control vs. all melanoma,
control vs. primary melanoma, control vs. metastatic, and primary melanoma vs. metastatic melanoma
samples. The results are reported in Table 9. Four molecules were found to be very good classifiers of
the control vs. melanoma samples, namely, IL-1Ra, IL-7, MIP-1a, and MIP-1b, with AUC values of
0.88, 0.86, 0.93, and 0.87, respectively. The corresponding ROC curves for the control vs. all melanoma
samples are shown in Figure 4.
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Table 9. ROC analysis of the tissue expression data. For each molecule, the AUC values for the
ROC analysis was calculated for the following sets of expression values: controls vs. all melanoma,
controls vs. primary melanoma, controls vs. metastatic melanoma, and primary melanoma vs.
metastatic melanoma samples. For every AUC value, the standard error of the measure obtained by
the cross-validation procedure is also shown.

Cytokines AUC ± S.E. of ROC Analysis

Ctrls vs. all
Melanoma

Ctrls vs.
Primary

Ctrls vs.
Metastatic

Primary vs.
Metastatic

IL-1b 0.62 ± 0.03 0.57 ± 0.04 0.63 ± 0.03 0.54 ± 0.04

IL-1Ra 0.88 ± 0.02 0.88 ± 0.03 0.88 ± 0.02 0.53 ± 0.04

IL-2 0.51 ± 0.03 0.54 ± 0.04 0.51 ± 0.03 0.53 ± 0.04

IL-4 0.50 ± 0.03 0.55 ± 0.04 0.52 ± 0.03 0.57 ± 0.04

IL-5 0.52 ± 0.03 0.51 ± 0.04 0.52 ± 0.03 0.51 ± 0.04

IL-6 0.64 ± 0.03 0.59 ± 0.04 0.66 ± 0.03 0.59 ± 0.04

IL-7 0.86 ± 0.02 0.91 ± 0.03 0.85 ± 0.02 0.61 ± 0.04

IL-8 0.50 ± 0.03 0.52 ± 0.04 0.51 ± 0.03 0.52 ± 0.04

IL-9 0.51 ± 0.03 0.53 ± 0.04 0.52 ± 0.03 0.55 ± 0.04

IL-10 0.68 ± 0.03 0.65 ± 0.03 0.69 ± 0.03 0.55 ± 0.04

IL-12(p70) 0.78 ± 0.02 0.77 ± 0.03 0.79 ± 0.02 0.58 ± 0.04

IL-13 0.50 ± 0.03 0.50 ± 0.04 0.50 ± 0.03 0.50 ± 0.04

IL-15 0.52 ± 0.03 0.64 ± 0.01 0.52 ± 0.03 0.61 ± 0.04

IL-17 0.61 ± 0.03 0.54 ± 0.04 0.63 ± 0.03 0.59 ± 0.04

Eotaxin 0.63 ± 0.03 0.57 ± 0.04 0.65 ± 0.03 0.59 ± 0.04

FGF-2 0.52 ± 0.03 0.67 ± 0.04 0.54 ± 0.03 0.66 ± 0.04

G-CSF 0.50 ± 0.03 0.63 ± 0.04 0.55 ± 0.03 0.61 ± 0.04

GM-CSF 0.51 ± 0.03 0.52 ± 0.04 0.52 ± 0.03 0.54 ± 0.04

IFN-γ 0.69 ± 0.03 0.60 ± 0.04 0.72 ± 0.03 0.61 ± 0.04

IP-10 (CXCL10) 0.64 ± 0.03 0.56 ± 0.04 0.67 ± 0.03 0.61 ± 0.04

MCP-1(MCAF) 0.56 ± 0.03 0.54 ± 0.04 0.59 ± 0.03 0.62 ± 0.04

MIP-1a (CCL3) 0.93 ± 0.01 0.91 ± 0.02 0.93 ± 0.02 0.58 ± 0.04

MIP-1b (CCL4) 0.87 ± 0.02 0.87 ± 0.02 0.86 ± 0.02 0.58 ± 0.04

PDGF-BB 0.56 ± 0.03 0.55 ± 0.04 0.60 ± 0.03 0.62 ± 0.04

RANTES (CCL5) 0.73 ± 0.03 0.73 ± 0.03 0.72 ± 0.02 0.53 ± 0.04

TNF-α 0.77 ± 0.03 0.68 ± 0.03 0.80 ± 0.02 0.62 ± 0.04

VEGF 0.52 ± 0.03 0.63 ± 0.04 0.52 ± 0.03 0.63 ± 0.04

Bold: highlight the result; Italics: Genes.
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Figure 4. AUC plots of the IL-1Ra, IL-7, MIP-1a, and MIP-1b gene expression in the controls vs.
all melanoma samples, for the tissue-expression values.

These results indicate that analyzing the gene expression of single molecules identifies relevant
and significant differences; in this case, the ability to discriminate melanoma from the controls is
much higher than the serum-expression data. Nevertheless, such values are below the threshold
commonly indicated for potential clinical application. We then carried out the paired-molecule and
profile analysis.

2.5. Tissue Expression: Analyzing Paired Molecules by a Matrix Correlation

The analysis of the paired-molecule correlations was then carried out, similarly to what we have
done for the sera dataset. The correlations between the expression values of all pairs of molecules in the
control and melanoma patients were analyzed by computing Spearman’s rank correlation coefficient.

Figures 5 and 6 show the molecule pairs exhibiting high correlation coefficients in the control
and melanoma patients. The heatmap in Figure 5 highlights the pairs with significant correlation
coefficients of R > 0.6 with p < 0.05. Figure 6 shows a more severe selection, i.e., the pairs with
a correlation p-value < 0.05 and coefficient >0.70. As observed in the serum dataset, this analysis
indicates that many strong correlations appear in the melanoma samples as compared to the controls,
involving immune/inflammatory molecules, chemokines, and angiogenic factors.
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Cancers 2020, 12, x FOR PEER REVIEW 14 of 27 

Figure 4. AUC plots of the IL-1Ra, IL-7, MIP-1a, and MIP-1b gene expression in the controls vs. all 

melanoma samples, for the tissue-expression values. 

2.5. Tissue Expression: Analyzing Paired Molecules by a Matrix Correlation 

The analysis of the paired-molecule correlations was then carried out, similarly to what we have 

done for the sera dataset. The correlations between the expression values of all pairs of molecules in 

the control and melanoma patients were analyzed by computing Spearman’s rank correlation 

coefficient. 

Figures 5 and 6 show the molecule pairs exhibiting high correlation coefficients in the control 

and melanoma patients. The heatmap in Figure 5 highlights the pairs with significant correlation 

coefficients of R > 0.6 with p < 0.05. Figure 6 shows a more severe selection, i.e., the pairs with a 

correlation p-value < 0.05 and coefficient >0.70. As observed in the serum dataset, this analysis 

indicates that many strong correlations appear in the melanoma samples as compared to the controls, 

involving immune/inflammatory molecules, chemokines, and angiogenic factors. 

Figure 5. Correlations of the tissue expression values. The heatmap shows the correlation among pairs 

of expression values with a p < 0.05 and Spearman’s rank coefficient >0.60. 

Figure 6. Correlation analysis of the tissue expression values of all the control (A) and melanoma (B) 

samples. The connected circles show the paired molecules with a p < 0.05 and Spearman’s R coefficient 

Figure 6. Correlation analysis of the tissue expression values of all the control (A) and melanoma
(B) samples. The connected circles show the paired molecules with a p < 0.05 and Spearman’s R
coefficient >0.70, in the control and melanoma samples, respectively. The correlations specifically
present in the melanoma samples are highlighted with blue dashed lines.

2.6. Tissue Expression: Profile Analysis by SVM

As in the case of the serum expression data, the SVM supervised learning algorithm was used to
investigate all molecules simultaneously as melanoma predictors. Impressive results were achieved
by analyzing the tissue-expression data. The results are shown in Table 10. The average of the AUC
values obtained in the 10 iterations of the cross-validation procedure is 0.99, much higher than the
highest AUC value obtained in the ROC analysis of the single molecules (namely, 0.93; see Figure 4
and Table 9). The p-value is <0.00001; hence, we are highly confident about the statistical significance
of this observation.
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Table 10. SVM method applied to the tissue-expression dataset. Sex and age were not considered as
predictors for the lack of data in the dataset. The p, i.e., the probability that the “Accuracy” value is not
significantly higher than the “No Info Rate” value, is lower than 0.00001. Hence, we can safely reject
the null hypothesis and we can assume that the accuracy of the predictive model is higher than the
value of the No Info Rate (0.61), corresponding to the performance of a dummy, fixed-answer predictor.

Num.
Melanoma

Num.
Controls

Training
Set Size

Testing
Set Size

AUC
(ROC) Accuracy No Info

Rate p-Value

310 201 358 153 0.99 0.95 0.61 <0.00001

We then conclude that by using all molecules as melanoma classifiers, the accuracy of the prediction
is extremely strong. The ROC curve of the predictive model based on the simultaneous analysis of all
molecules is shown in Figure 7.

Cancers 2020, 12, x FOR PEER REVIEW 15 of 27 

>0.70, in the control and melanoma samples, respectively. The correlations specifically present in the 

melanoma samples are highlighted with blue dashed lines. 

2.6. Tissue Expression: Profile Analysis by SVM 

As in the case of the serum expression data, the SVM supervised learning algorithm was used 

to investigate all molecules simultaneously as melanoma predictors. Impressive results were 

achieved by analyzing the tissue-expression data. The results are shown in Table 10. The average of 

the AUC values obtained in the 10 iterations of the cross-validation procedure is 0.99, much higher 

than the highest AUC value obtained in the ROC analysis of the single molecules (namely, 0.93; see 

Figure 4 and Table 9). The p-value is <0.00001; hence, we are highly confident about the statistical 

significance of this observation. 

We then conclude that by using all molecules as melanoma classifiers, the accuracy of the 

prediction is extremely strong. The ROC curve of the predictive model based on the simultaneous 

analysis of all molecules is shown in Figure 7. 

Table 10. SVM method applied to the tissue-expression dataset. Sex and age were not considered as 

predictors for the lack of data in the dataset. The p, i.e., the probability that the “Accuracy” value is 

not significantly higher than the “No Info Rate” value, is lower than 0.00001. Hence, we can safely 

reject the null hypothesis and we can assume that the accuracy of the predictive model is higher than 

the value of the No Info Rate (0.61), corresponding to the performance of a dummy, fixed-answer 

predictor. 

Num. 

Melanoma 

Num. 

Controls 

Training 

Set Size 

Testing 

Set Size 
AUC (ROC) Accuracy 

No Info 

Rate 
p-Value 

310 201 358 153 0.99 0.95 0.61 <0.00001 

 

Figure 7. ROC analysis of the SVM-based model, classifying the melanoma samples against the 

controls. 

A model based on many predictors (in this case 27) may present some practical issues. We thus 

performed a Recursive Feature Elimination (RFE) procedure (summarized in the Methods section), 

to select the most relevant molecules of the predictive SVM-based model. According to this analysis, 

the most sensible predictors are, in order, MIP-1a, IL-1RA, IL-7, MIP-1b, IL-12(p70), and TNF-α. The 

best four molecules correspond to the ones shown in Table 9, obtained with ROC analyses of the 

Figure 7. ROC analysis of the SVM-based model, classifying the melanoma samples against the controls.

A model based on many predictors (in this case 27) may present some practical issues. We thus
performed a Recursive Feature Elimination (RFE) procedure (summarized in the Methods section),
to select the most relevant molecules of the predictive SVM-based model. According to this analysis,
the most sensible predictors are, in order, MIP-1a, IL-1RA, IL-7, MIP-1b, IL-12(p70), and TNF-α. The best
four molecules correspond to the ones shown in Table 9, obtained with ROC analyses of the single
molecules. As shown in Figure 8, a model based on two molecules, namely, MIP-1a and IL-1RA,
achieves an AUC value = 0.965, while a 4-predictor model (MIP-1a, IL-1RA, IL-7, and MIP-1b) reaches
an AUC = 0.982. These molecules stably represent the best 4-marker combination with the highest
AUC value. Further increasing the number of predictors does not add any relevant improvement
(see Figure 8).

We therefore conclude that combined analysis of the expression of the MIP-1a, IL-1RA, IL-7,
and MIP-1b genes represents the best combination within the 27 investigated, able to very effectively
discriminate the control from the melanoma samples.
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(MIP-1a + IL-1RA), three predictors (MIP-1a + IL-1RA + IL-7), four predictors (MIP-1a + IL-1RA + IL-7 +

MIP-1b), etc., up to six predictors.

We finally investigated the role of the expression of these four genes as a prognostic factor.
According to the survival analysis tool available in the GEPIA2 database, 3 out of 4 show significant
Hazard Ratios. Namely, IL7, MIP-1a (CCL3), and MIP-1b (CCL4) show a HR of 0.71, 0.65, and 0.5,
respectively, with p = 0.01, 0.002, and 1 × 10−7, respectively. These data indicate significantly improved
survival in patients with high expression values for these three genes.

2.7. Results Validation

The expression of the four molecules reported in Figure 6 was then investigated in an independent
database, namely, GEPIA2 (found at http://gepia2.cancer-pku.cn/). Expression was confirmed to be
significantly different in melanoma compared to the healthy controls, for IL-1Ra (recognized as ILRn by
GEPIA2), IL-7, MIP-1a (recognized as CCL3 by GEPIA2), and MIP-1b (recognized as CCL4 by GEPIA2)
(see Figure 9).

The combined expression of these four molecules was then subject to a PCA analysis carried
out by the “Dimensionality reduction” tool in GEPIA2. The three most relevant components very
effectively differentiated melanoma from controls (Figure 10), indicating that the combined analysis of
these four molecules may represent an effective melanoma marker.

This observation fully validated the SVM analysis reported in Figure 6.
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3. Discussion

While several serum biomarkers are investigated in melanoma patients [19], diagnostic markers
currently applied in clinics are restricted to S-100, HMB-45, Melan-A, and SM5-1 [20,21], and the
prognostic markers to monitor melanoma progression are S100B, MART1, PMEL, and S100A13 [22].
As recently reported [23], potential markers in melanoma are mutations (on BRAF, NRAS, KIT,
GNA11/GNAQ, NF1, CDKN2AI, immunohistochemical biomarkers (such as PD-11 and PD-L1,
as well as mutated BRAF and NY-ESO-1), miRNAs, and other serum molecules. The key role
cytokines/chemokines play in the immune/inflammatory response and in proliferation and chemotaxis
control has been largely investigated; nevertheless, their role as diagnostic or prognostic markers
remains to be elucidated. We and others demonstrated the key role of growth factors such as
FGF-2, PDGF, and TNF-α in controlling melanoma growth [24–26] and melanoma aggressiveness [27].
The present study is the first, to our knowledge, presenting a signature of four cytokines/chemokines
as an extremely effective melanoma marker, in a large patient collection. The present study measures
cytokine/chemokine expression in serum and in tumor biopsies. We did not expect that the same
cytokines/chemokines would be modified in serum and in tissues. In fact, the molecules measured
in the serum are likely produced as a systemic response, while the molecules measured within the
biopsies are directly produced in the tumor or in the regions immediately close to it. Therefore,
the cytokines/chemokines measured within the biopsies reflect more directly the tumor biology and
its aggressive behavior. On the contrary, the cytokines/chemokines measured in the serum reflect
more how the organism responds to the tumor from an inflammatory/immunological point of view.
We cannot exclude that molecules produced within the primary tumor may reach the blood. However,
such signals may be not measured due to the large dilution in the blood stream and their expression
values may fall below the detection limit. We used the xMAP technology for quantification in serum
samples, to minimize as much as possible the sensitivity limitations.

For the sake of clarity, we will discuss below the results of serum expression separately from the
results on tissue expression.

Serum expression: Analyzing the serum expression of 27 cytokines/chemokines did not identify
any relevant marker when individually analyzed. Nevertheless, significant and strong differential
expressions were found in melanoma vs. controls (see Table 2), as well as in melanoma samples
as a function of Breslow thickness (see Tables 3 and 4) or age (Table 5). Furthermore, significant
gender-specific differences were identified in Eotaxin and MCP-1 expression (Table 6), as well as in
GM-CSF, TNF-α, IL-9, MIP-1a, IL-8, PDGF-BB, and MCP-1 (Tables S3–S5). This finding indicated the
molecular bases possibly underlying the different incidence and different mortality rates in male vs.
female melanoma [28–32], as well as the unexpected better response of immunotherapies in men than
in women [33].

Serum expression of IL-1b, IL-6, IP-10, PDGF-BB, and RANTES was found to be significantly
different in melanoma vs. controls (Table 2), reinforced by a much larger patient cohort, since previous
observations were carried out on much smaller patient cohorts [34,35]. These molecules make a
proinflammatory milieu previously found in uveal melanoma [36] and such findings agree with recent
data showing that serum inflammation markers are strongly associated with melanoma progression [37].
Cytokines and chemokines are closely engaged within a large network where several ligands share
few receptors [38], therefore reciprocally modulating their pro-, anti-inflammatory, chemotactic,
and angiogenic functions [39–41]. The chemokines network is known to mediate melanoma interaction
with the surrounding tissues [42]. Investigating cytokine/chemokine serum expression may therefore
reveal the coordinated tissue reaction to the presence of melanoma. In the present study, Spearman’s
correlation matrix revealed for the first time that strong and significant correlations of the expression
values are more numerous in melanoma samples than in healthy controls (Figures 2 and 3). In the
melanoma samples, molecules involved in inflammation, chemotaxis, and angiogenesis had strong and
significant correlations, namely, according to Figure 3, strong correlations of IL-10 with FGF-2, IL-10
with RANTES, IL-5 with IL-13, IL-6 with TNF-α, and of IFN-γwith MCP-1 appear in melanoma samples.
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Particularly interesting is the strong correlation of IL-6 to TNF-α in the melanoma samples; these two
molecules are known to control the ability to evade the immune system control in a PDL-1-dependent
manner [43]. Such correlation data indicated that the cross-talk of cytokines and chemokines is
altered in melanoma and this may help in defining a melanoma-specific, correlation-matrix fingerprint.
We therefore analyzed the entire panel of 27 cytokines/chemokines with the SVM machine learning
algorithm, to investigate simultaneously all molecules as predictors of melanoma state. In other
studies, SVM effectively discriminated melanoma on the basis of dermoscopic images [44], ultrasonic
and spectrophotometric images [45], BRAF status [46], or dermo-fluorescence spectra [47], with a
reported accuracy up to 90%. SVM was previously used for prognostic purposes in melanoma
patients [48] but, to our knowledge, the present study is the first applying the SVM analysis to
cytokine/chemokine-expression values to discriminate melanoma from controls, both in serum and
in tissue, in a large group of controls and patients. The SVM procedure was indeed able to improve
the ability to classify the serum samples, from AUC = 0.70 for IL-6 expression (see Table 2) up to
AUC = 0.761 for the combined indicators (see Table 7). However, this is still not good enough to propose
a clinical diagnostic application. We then concluded that the serum expression data of these molecules,
while showing strong and significant differences, may not be good classifiers. Several reasons may
underlie this result, such as biological reasons (namely, the large serum dilution) as well as technical
reasons (namely, samples storage or antibody cross-specificity). We cannot exclude that the cytokine
serum expression will give improved information with an improved technology. Protein quantification
is a rapidly evolving technology with the continuous upgrading of antibody combinations, sensitivity
improvement, and protocol optimization. As an example, a 2007 report [49] identified several cytokines
differently expressed in melanoma serum using multiplex xMAP technology, in 179 melanoma patients
and 378 healthy controls. However, those data merit to be re-evaluated in the light of the currently
available multiplex xMAP technology and new antibodies. As an alternative, quantitative proteomics
approaches, based on mass spectrometry, indicated proteins differently expressed in melanoma
compared to the controls [50]. However, the sensitivity of the latter techniques limits their application
for cytokine/chemokine quantification, as compared to immunometric methods. Analyzing serum from
melanoma patients aimed at identifying markers suitable for the early diagnosis, using a minimally
invasive technique, expressions significantly different were indeed identified. However, we could
not identify good markers within the 27 molecules investigated. This may depend on the molecules
chosen (i.e., we should probably change targets and focus on other molecules), or it may depend on
the high dilution factor in the serum samples.

We should address briefly the age-matching issue. As reported in Table 1, the mean age in the
healthy groups and melanoma groups is different. Such difference reflects what the reality is, i.e., cancer
patients are generally older than healthy controls, since increased age is a specific cancer risk factor.
In the present study, individuals were sequentially enrolled, and controls were individuals with a
suspect lesion removed and diagnosed by the pathologist as a not-cancer lesion. To have a similar
age distribution in patients and in the control groups, one would be forced to remove several young
healthy controls from the dataset (to match the rarely present young melanoma patients) and to remove
several old melanoma patients (to match the rarely present old healthy controls). Age-matching would,
therefore, strongly decrease the number of individuals analyzed, and alter the actual patient and control
age distribution. The SVM analysis reported in Table 7 was also carried out on the age-matched groups,
and the results are similar to the ones obtained from unmatched groups (See Table S7). Furthermore,
the matrix analysis reported in Figure 3 was carried out also on the age-matched groups, and the results
are identical to the ones obtained from the unmatched groups. We then conclude that age-matching,
required for correct statistical analysis, would strongly reduce the group numerosity; it also would
abolish a specific risk factor. In addition, the results achieved on the age-matched groups appear very
similar or identical to those obtained on the age-unmatched groups, under our experimental conditions.

Tissue expression: Analyzing the tissue expression was much more effective to discriminate
melanoma from controls. This is likely related to biological reasons (i.e., the direct analysis of the
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melanoma bearing tissue), as well as technical reasons (i.e., using a more stable quantification technique).
Very high AUC values were calculated, up to 0.92 (see Figure 4), with the single-molecule analysis.
Most of the investigated molecules showed a significant differential expression. This finding indicated
that, at the tissue level, most of the cytokines/chemokines investigated are strongly altered in melanoma,
prompting us to look for a further improvement of their classifier ability. Analysis of paired molecules
reinforced what was observed in the sera dataset, showing that high-correlation pairs appear in
melanoma while they are almost absent in the controls (Figures 5 and 6). Particularly interesting are
the strong correlations involving the chemokines RANTES, MIP-1a, and MIP-1b (Figures 5 and 6).

Then, an SVM analysis on all molecules simultaneously analyzed was carried out. This analysis
strongly improved the classification ability as compared to the single molecules. AUC reached an
extremely high value of 0.991 when all 27 cytokines/chemokines were simultaneously considered
as melanoma predictors. Use of the Recursive Feature Elimination (RFE) [51] procedure allowed
us to identify the four best-performing molecules. The combination of IL-1Ra/IL-7/MIP-1a/MIP-1b
shows the relevant AUC = 0.982. Interestingly to notice, the expression of IL-1Ra and IL-7 (known
anti-inflammatory cytokines) is significantly reduced in the melanoma samples, while expression
of MIP-1a and MIP-1b (known inflammatory chemokines) is significantly increased. Previous data
demonstrate that CCL3 (MIP-1α) and CCL4 (MIP-1b) control the infiltration of the immune cells by
recruiting antigen-presenting cells, including dendritic cells (DCs), to the tumor site via IFN-γ [52].
However, the specific signature made of the two anti-inflammatory and two pro-inflammatory
molecules is a novel finding to our knowledge.

Full validation of these results was achieved on an independent dataset, the GEPIA2 database,
reporting expression data from 1019 control and melanoma samples. The four molecules IL-1Ra,
IL-7, MIP-1a, and MIP-1b were confirmed to have a significant (p < 0.0001) differential expression in
melanoma (Figure 9), and their combined analysis with the PCA methodology (a different methodology
compared to SVM) was found to effectively discriminate the controls from the melanoma samples
(Figure 10).

The identification of the relevant gene markers from the tissue-expression data by using a
quantitative technique may help improve histological diagnoses. Identification of a 4-gene signature
may be a relevant help for pathologists. Measuring expression of these genes represents a quantitative
approach that is operator-independent and may be part of an automatic process useful to identify
suspect samples.

4. Materials and Methods

4.1. Patients Selection and Recruitment

Melanoma patients were consecutively recruited at the hospital sections of IDI-IRCCS, according
to the procedure approved by the IDI Ethics Committee (CE 287/1 approved 7/04/2009) based on a
suspect skin lesion. All patients gave written informed consent. Patients under any pharmacological
melanoma therapy were excluded. Serum was collected before the biopsy procedure, aliquoted,
and stored at −80 ◦C. According to the histological analysis, patients were then assigned to the control
arm or to the melanoma arm. A total of 232 patients were recruited in the present study.

4.2. Serum Handling

A total of 7 mL of peripheral blood were collected from patients. Blood was collected in tubes
with no additives of any type. Tubes were taken at room temperature for 2 to 3 h; they were then
centrifuged at 15,000 rpm for 15 min; clear yellow color serum was stored in 100 µL aliquots and stored
at −80 ◦C. The red color was considered a hemolysis sign and such sera were then not analyzed in the
current study.
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4.3. Cytokines Quantification in Sera Samples

Sera were obtained from melanoma patients (n = 96) and from patients with non-melanoma
suspect lesions (n = 136) and were analyzed using xMAP technology on the Luminex platform
(X200 Instrumentation equipped with a magnetic washer workstation and software Manager 6.1),
which allows the simultaneous quantification of many molecules. The commercial kit used was
Bio-Plex Pro human cytokine 27-plex panel (Bio-Rad Laboratories, Hercules, CA, USA), able to measure
the following analytes: IL-1Ra, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12(p70), IL-13, IL-15,
IL-17, TNF-α, IFN-γ, Eotaxin, Macrophage Inflammatory Protein (MIP)-1a (MIP-1a; CCL3), Macrophage
Inflammatory Protein (MIP)-1b (MIP-1b; CCL4), Monocyte Chemoattractant Protein (MCP)-1 (CCL2),
Granulocyte Colony stimulating factor (G-CSF), GM-CSF, Basic Fibroblast growth factor (FGF-2),
Interferon γ-induced protein 10 (IP-10; CXCL10), Regulated on Activation, Normal T cell Expressed
and Secreted (RANTES), Platelet-Derived Growth Factor (PDGF-BB), and Vascular Endothelial Growth
Factor (VEGF). Samples were handled according to the manufacturer’s instructions and as previously
reported [27].

4.4. Serum Expression Data

The serum dataset was composed of 232 records corresponding to 232 different individuals.
The recorded data included in each case the histopathological diagnosis, sex, age, Breslow’s thickness,
and the expression values of the 27 chemokines/cytokines, reported in pg/mL. The expression of a
few molecules was undetectable in some patients. Specifically, expressions of IL-2, IL-5, IL-6, IL-10,
IL-13, and IL-15 were undetected in most cases and were measured in less than 30 controls and/or less
than 30 melanoma samples. We handled missing values in two alternative ways, i.e., we removed
the missing data point from the analysis (either the whole cytokine from all samples or the whole
sample containing the missing value, depending on the performed analysis while trying to maximize
the size of the resulting dataset), or, alternatively, we assumed the missing values are equal to zero,
thus assuming that all missing values were caused by expression values lower than the measurement
thresholds of the diagnostic kits.

4.5. Tissue Expression Data from GENT2 Database

The 27 molecules measured in the sera were investigated in control and melanoma samples taken
from the GENT2 database, according to transcriptomic data; data of 201 normal skin biopsies were from
11 independent studies (referred to as GSE39612, GSE30355, GSE14905, GSE13355, GSE7553, GSE42109,
GSE16161, GSE15605, GSE7307, GSE46239, and GSE7307); data of 83 primary melanoma biopsies were
from 4 independent studies (referred to as GSE10282, GSE15605, GSE7553, and GSE62837); data of 227
metastatic melanoma biopsies were from 11 independent studies (referred to as GSE62837, GSE7307,
GSE31879, GSE38312, GSE15605, GSE35640, GSE7553, GSE4587, GSE19293, GSE19234, and GSE22968).
The tissue dataset was composed of 511 records, each describing a single subject: the recorded data
included the histopathological diagnosis, sex, age, melanoma stage, and the expression values of the
27 cytokines. Each record always states whether the subject has been clinically diagnosed as affected
by melanoma (310 patients) or not (201 controls). In this dataset, there were no missing values within
the expression data. However, sex and age data were not recorded in most cases: only 217 records
reported sex (138 males and 79 females) and only 125 records indicated the age (minimum 20 years,
maximum 92 years, median 56 years, mean 59.56 years), and the majority of the control subjects had no
sex and age data (about 70% of total). Therefore, sex and age stratifications were not carried out in the
tissue-expression data.

4.6. Statistical Analyses

All statistical analyses were carried out on the “R” package version 4.0.0 [53].
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4.6.1. Single-Molecule Analysis

Expression data of the single molecules were analyzed as an evaluation of the statistical significance
of the median differences, by the Mann–Whitney test with Bonferroni correction. ANOVA analysis of
the differences between the controls, primary melanoma, and metastatic melanoma samples in the tissue
data was also performed and reported in Supplementary Material. In this case, normal distribution was
evaluated by the Shapiro–Wilk test, and homoscedasticity (homogeneity of variance) was evaluated by
the nonparametric Levene test. When the ANOVA analysis showed a significant difference between
the medians, Mann–Whitney with Bonferroni correction and Tukey’s honest significance tests were
applied as post-hoc tests.

4.6.2. Paired-Molecule Analysis

A data-matrix analysis investigated whether the expression correlations of all molecule pairs
show any relevant difference between the control and melanoma samples. Spearman’s rank correlation
coefficient was calculated.

4.6.3. Profile Analysis

Profile analysis was based on the Support Vector Machine (SVM) supervised learning algorithm,
using a linear kernel [54,55]. Briefly, the method finds the best separation hyperplane between the
set of control samples and the set of melanoma samples. Each sample is assumed as a single point
in the hyperspace of dimensions n, where n is the number of features that can be used as predictors
(specifically, the expression values of the molecules, and optionally age and sex). The result of the SVM
algorithm is a separation hyperplane that maximizes the cumulative quadratic distance between the
boundary points and the hyperplane itself. A parameter C plays a crucial role when the points are not
linearly separable: C represents the tradeoff between decreasing the quadratic distance and ensuring
that the boundary points are properly classified. We tuned the parameter C by testing 40 values
between approximately 10−14 and 105 and selecting the value yielding the largest Area Under Curve
(AUC) of the Receiver Operating Characteristic (ROC).

The missing expression values were removed from the dataset, according to two alternative
approaches. In the first approach, we removed either the entire sample or, if more convenient in terms
of resulting dataset size, all expression values of a specific molecule from the dataset. In the second
approach, we assigned all missing values to zero [56]. The expression values of each molecule were
then transformed to have average = 0 and standard deviation = 1, according to standard methods for
this kind of analysis [57,58]. To validate the results, a 10-fold cross-validation procedure was applied.
The SVM algorithm considers all predictors as coordinates in a multidimensional space, hence the
prediction model is based on the whole set of 27 expression values of the molecules. For the analysis
of the tissue-expression data, a Recursive Feature Elimination procedure [51] was applied to identify
the molecules having the greatest impact. Therefore, the most relevant molecules of the predictive
SVM-based model were identified. This method essentially repeats several times the cross-validated
SVM analysis by excluding one of the predictors at a time, then discarding the weakest one, and restarts
the whole process on the set of remaining predictors. By this procedure, the molecules having the
weakest impact on the performance of the SVM model were identified and removed from the feature set.

4.7. Results Validation

4.7.1. Cross-Validation Procedure

All statistical results involving random selections of samples (namely SVM analyses) were
validated using “cross-validation” methods to reduce errors due to overfitting. Overfitting errors are
caused by an over-optimization of the parameters of a statistical method that achieves an optimal
result on the available dataset but poor results on a dataset built from a different set of observations.
In a typical k-fold cross-validation procedure, the dataset is randomly partitioned in k subsets of
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approximately equal size. The statistical method is then repeated k times: in every execution, k-1 subsets
are used as “training sets” to optimize the parameters of the method, while the remaining “testing”’
subset is used to evaluate the performances of the method. Every execution of the method uses a
different subset as the “testing” set. Eventually, the performances of the method are taken as the
average performances of all k executions. In this work we selected k = 10; thus, every measure is the
net results of 10 experimental runs.

4.7.2. Validation

The tissue-expression results obtained from the data collected from the GENT2 database were
validated on an independent database, GEPIA2 (available at http://gepia2.cancer-pku.cn/#index),
reporting the RNA expression data from 461 controls and from 558 melanoma patients. Expression
and dimensionality reduction by PCA analysis were carried out by the specific tools available at the
GEPIA2 database.

5. Conclusions

We report here, for the first time, significant differences in cytokine expression as a function of
the pathological state and gender, or age, or Breslow thickness, in the serum expression of a large
patient dataset. Such differences are likely related to the systemic response to the tumor and may help,
at least in part, investigating the known heterogeneity of this tumor. Furthermore, by analyzing gene
expression in a large tissue expression dataset, we report, for the first time, a highly relevant 4-gene
signature that discriminates the controls from the melanoma patients. We also show here that the
machine learning algorithm SVM appears to be very effective in improving the classification ability for
potentially diagnostic purposes and clinical applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/12/3680/s1,
Table S1: Serum expression general data in all controls (male + female). Table S2: General data on serum expression
in all melanoma patients (male + female). Table S3: Correlation of the serum expression with Breslow thickness
in male melanoma and in female melanoma. Table S4: Correlation of the serum expression with age, in female
controls compared to female melanoma. Table S5: Correlation of the serum expression with age, in male controls
compared to male melanoma. Table S6: Anova analysis of tissue expression data. Table S7: Results of the SVM
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Vodička, P.; Motlík, J.; et al. Serum proteomic analysis of melanoma patients with immunohistochemical
profiling of primary melanomas and cultured cells: Pilot study. Oncol. Rep. 2019, 42, 1793–1804. [CrossRef]
[PubMed]

35. Paganelli, A.; Garbarino, F.; Toto, P.; Di Martino, G.; D’Urbano, M.; Auriemma, M.; Di Giovanni, P.;
Panarese, F.; Staniscia, T.; Amerio, P.; et al. Serological landscape of cytokines in cutaneous melanoma.
Cancer Biomark. 2019, 26, 333–342. [CrossRef]

36. Nagarkatti-Gude, N.; Bronkhorst, I.H.G.; Van Duinen, S.G.; Luyten, G.P.M.; Jager, M.J. Cytokines and
Chemokines in the Vitreous Fluid of Eyes with Uveal Melanoma. Investig. Opthalmology Vis. Sci. 2012,
53, 6748–6755. [CrossRef]

37. Reinert, C.P.; Gatidis, S.; Sekler, J.; Dittmann, H.; Pfannenberg, C.; la Fougere, C.; Nikolaou, K.; Forschner, A.
Clinical and prognostic value of tumor volumetric parameters in melanoma patients undergoing 18
F-FDG-PET/CT: A comparison with serologic markers of tumor burden and inflammation. Cancer Imaging
2020, 20, 44. [CrossRef]

38. Nomiyama, H.; Osada, N.; Yoshie, O. Systematic classification of vertebrate chemokines based on conserved
synteny and evolutionary history. Genes Cells 2013, 18, 1–16. [CrossRef]

39. De Marchis, F.; Ribatti, D.; Giampietri, C.; Lentini, A.; Faraone, D.; Scoccianti, M.; Capogrossi, M.C.;
Facchiano, A. Platelet-Derived Growth Factor Inhibits Basic Fibroblast Growth Factor Angiogenic Properties
in vitro and in vivo, via its alpha receptor. Blood 2002, 99, 2045–2053. [CrossRef]

72



Cancers 2020, 12, 3680

40. Faraone, D.; Aguzzi, M.S.; Ragone, G.; Russo, K.; Capogrossi, M.C.; Facchiano, A. Heterodimerization of
FGF-receptor 1 and PDGF-receptor-α: A novel mechanism underlying the inhibitory effect of PDGF-BB on
FGF-2 in human cells. Blood 2006, 107, 1896–1902. [CrossRef]

41. Zhang, J.M.; An, J. Cytokines, Inflammation and Pain. Int. Anesth. Clin. 2007, 45, 27–37. [CrossRef]
42. Spranger, S.; Bao, R.; Gajewski, T.F. Melanoma-intrinsic β-catenin signalling prevents anti-tumour immunity.

Nat. Cell Biol. 2015, 523, 231–235. [CrossRef] [PubMed]
43. Li, Z.; Zhang, C.; Du, J.-X.; Zhao, J.; Shi, M.-T.; Jin, M.-W.; Liu, H. Adipocytes promote tumor progression

and induce PD-L1 expression via TNF-α/IL-6 signaling. Cancer Cell Int. 2020, 20, 1–9. [CrossRef] [PubMed]
44. Seeja, R.D.; Suresh, A. Deep Learning Based Skin Lesion Segmentation and Classification of Melanoma Using

Support Vector Machine (SVM). Asian Pac. J. Cancer Prev. 2019, 20, 1555–1561. [CrossRef]
45. Tiwari, K.A.; Raišutis, R.; Liutkus, J.; Valiukevičienė, S. Diagnostics of Melanocytic Skin Tumours by a
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Simple Summary: The prognosis and treatment of metastatic melanoma have changed substantially
since the advent of target therapy and immune checkpoint inhibitors. Thus, strategies must be
developed to identify responder patients, reduce toxicities, and investigate target and immune based
therapy ideal sequencing. To this aim, the determinants driving response, resistance, and adverse
events, should be defined. In addition, novel oncogenic drivers should be discovered to provide new
therapeutic targets. Current methods of detection, prognosis and monitoring of melanoma are based
on clinical, morphological and histopathologic characteristics of the tumor. This review provides an
update on prognostic and predictive biomarkers with a potential application in melanoma patients’
clinical management.

Abstract: Advances in the genomic, molecular and immunological make-up of melanoma allowed
the development of novel targeted therapy and of immunotherapy, leading to changes in the
paradigm of therapeutic interventions and improvement of patients’ overall survival. Nevertheless,
the mechanisms regulating either the responsiveness or the resistance of melanoma patients to
therapies are still mostly unknown. The development of either the combinations or of the sequential
treatment of different agents has been investigated but without a strongly molecularly motivated
rationale. The need for robust biomarkers to predict patients’ responsiveness to defined therapies and
for their stratification is still unmet. Progress in immunological assays and genomic techniques as
long as improvement in designing and performing studies monitoring the expression of these markers
along with the evolution of the disease allowed to identify candidate biomarkers. However, none of
them achieved a definitive role in predicting patients’ clinical outcomes. Along this line, the cross-talk
of melanoma cells with tumor microenvironment plays an important role in the evolution of the
disease and needs to be considered in light of the role of predictive biomarkers. The overview of
the relationship between the molecular basis of melanoma and targeted therapies is provided in this
review, highlighting the benefit for clinical responses and the limitations. Moreover, the role of different
candidate biomarkers is described together with the technical approaches for their identification.
The provided evidence shows that progress has been achieved in understanding the molecular
basis of melanoma and in designing advanced therapeutic strategies. Nevertheless, the molecular
determinants of melanoma and their role as biomarkers predicting patients’ responsiveness to therapies
warrant further investigation with the vision of developing more effective precision medicine.
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1. Introduction

Malignant melanoma is the 5th most common cancer and represents 1.5% of all cancer deaths.
However, during the last 20 years, the incidence was increased, with more than 9000 melanoma-related
deaths registered in 2018 [1].

The prognosis of melanoma, particularly in the metastatic setting, over the last ten years was
significantly improved [2]. This progress is mainly due to the clinical approval of target therapy with
BRAF and MEK inhibitors and of immunotherapy with immune checkpoint inhibitors (ICIs), specifically
those targeting the Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA-4) and Programmed Death 1
(PD-1)/Ligand-1 (PD-L1) pathways. Different studies demonstrated an enhanced clinical benefit from
these treatments in specific patient populations, such as early-stage patients and stage IV patients with
limited tumor burden [3,4].

This suggests that in the upcoming years, it will be crucial to identify patients at higher recurrence
risk and monitor for early relapse, in order to assign the best preventive approach, sparing patients at
very low risk from over-treatment side effects.

A biomarker can be anything from a serum protein, detectable genetic alteration, pathology
finding, or imaging finding that helps to predict the presence of disease or guide its therapeutic options.
The use of biomarkers has tremendously improved predictivity of response to treatment of some
specific melanoma subtypes. Indeed, genetic testing looking for BRAF mutations, has a proven role in
the choice of targeted therapy. However, the identification of definitive clinically useful biomarkers for
the response to ICIs of melanoma patients is still under investigation. There is no blood test that can be
used for diagnosis to detect melanoma recurrence, although lactate dehydrogenase (LDH) and S-100B
can be useful for monitoring.

This review examines the past, current, and future role of biomarkers in melanoma detection,
treatment selection, and treatment monitoring.

2. Biomarkers in Target Therapy

Melanoma is a highly heterogeneous disease from a genetic point of view. However,
the identification of specific subtypes of melanoma based on distinct molecular alterations enables
critical information on patient prognosis and potential treatment options [5] (Table 1).

Table 1. Selected Biomarkers in Melanoma-Targeted Therapy.

Gene Incidence Comments References

BRAF 40–60%

Correlated with response to BRAF-targeted therapies.
has led to FDA approval of amplification and
sequencing technologies, and multiple laboratory tests
to assess BRAF mutation status

[3]

NRAS 20% Correlated with response to MEK inhibitors [6]

C-KIT
3% of melanoma; 20–30%
melanomas arising from (CSD)
skin, acral and mucosal sites

KIT-inhibitors have shown activity in patients with
specific mutations [7–11]

GNAQ 80% of uveal melanoma MEK inhibitors failed to show efficacy in Phase III
trials [12]

NF1 46% of cases with BRAF and
NRAS wild type Early clinical trials NCT02645149

PTEN 25–30% Implicated in mechanism of resistance to MAPK
inhibition [13]

CDK2 11% Early clinical trials NCT02645149
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The identification of the mutations in the V600 codon of BRAF (35–50% of melanomas) and Q61
codons (less frequently, the G12 or G13 codon) of NRAS (10–25% of melanomas) prompted the era of
target therapy [13].

Several next-generation sequencing (NGS) studies showed that the mutational rate of melanoma
is by far higher than that reported for other solid tumors, probably as a consequence of ultraviolet
radiation exposure. However, a large proportion of these mutations are bystanders, not involved in
the neoplastic process [13].

Interestingly, those subtypes of melanoma in which UV does not have any involvement in the
pathogenesis, display a different pattern of specific mutations. In Uveal melanoma, the most frequent
driver mutation is associated with the G protein subunits. In mucosal melanoma, BRAF and NRAS
mutations are far less frequent compared to cutaneous melanoma, while mutations in c-KIT are
observed in 7–25% of cases [14].

The Cancer Genome Atlas Network has recently provided a potential step ahead in the
comprehension of melanoma genesis, proposing a classification of melanoma based on protein,
RNA and DNA analysis from over 300 melanoma patients, in addition to BRAF, NRAS, and NF1
mutational profile [15]. This genomic classification provides a step further to identify new subtypes of
melanoma which can help to understand different clinical behaviors and resistance to therapy.

2.1. BRAF

BRAF is the most common mutated gene in cutaneous melanoma, ranging from 40–60% of cases,
and leading to uncontrolled activation of the mitogen-activated protein kinases (MAPK) pathway.
The two most frequent mutations of this gene are V600E and V600K [16,17], and are associated with
different factors: BRAF V600E is associated with younger onset age, superficial spreading subtype and
skin without chronic sun damage (CSD) (e.g., extremities), while BRAF V600K with older age, and skin
with CSD (e.g., head and neck) [18,19]. The development of BRAF inhibitors such as vemurafenib,
dabrafenib, and encorafenib dramatically improved the overall response rate (ORR) and the overall
survival (OS) in patients with this melanoma subtype. However, despite encouraging clinical results
with monotherapy [13], early development of acquired resistance through several mechanisms was
noted, such as the upregulation of MEK, ERK or NRAS [20]. Combination therapy with BRAF- and
MEK-inhibitors, including trametinib, cobimetinib and binimetinib, reported a prolongation in both
the progression-free survival (PFS) and OS compared with single-agent BRAF inhibitors [21–23].
In particular, the newest doublet therapy, encorafenib/binimetinib showed even greater efficacy,
improving the PFS from 7 to 15 months and the OS from 16.9 to 33.6 months [23].

Rare BRAF mutations (V600 non-E/K and non-V600) account for 5% of BRAF-mutated melanoma,
and their role in tumorigenesis and response to target therapy is still to be elucidated. Despite most of
them, such as L597V, K601E, G469A, showed BRAF and MAPK pathway activation, their prognostic
and predictive role is uncertain [24]. Among these, the V600R, L597P/Q/R/S, and K601E are the most
common rare BRAF mutations.

To date, melanoma with non-V600 BRAF mutations has been mostly excluded from enrollment
in clinical studies investigating the efficacy of BRAF and MEK inhibitors. A phase 2 trial, evaluating
the activity and the efficacy of trametinib in patients with advanced melanoma not mutated in V600
BRAF (NCT02296112), could help to shed some light on the role of MEK inhibitors in this rare subset
of melanoma.

2.2. NRAS

The gene N-RAS encodes for a GTPase, which plays a crucial role in the signal transduction of
both the MAPK and phosphatidyl inositol 3 kinases (PI3K) pathways [25]. NRAS mutations account for
20% of cases [26] and are generally mutually exclusive with BRAF mutations, even if there is evidence
of cases in which both mutations can co-exist in the same lesions [27]. However, melanoma with
N-RAS mutation is frequently detected in CSD skin and associated with the nodular subtype [28,29].
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The association between N-RAS alteration and worse survival for metastatic melanoma is not ultimately
demonstrated, although some studies reported it to be a negative prognostic factor [26]. Several studies
did not show any difference in OS; an association between NRAS mutation and poor survival or a
positive correlation among the two factors were observed [26,30–32].

MEK-inhibition has been identified as a potential therapy in this melanoma subtype, since
improved response rate and PFS were found upon treatment with binimetinib as compared to
chemotherapy [6]. Nonetheless, the clinical risk/benefit ratio was not sufficient to support the approval
of this compound for this indication. The combination of MEK inhibitors with PI3K, RAF, and other
cell cycle inhibitors is the object of ongoing investigations [33].

2.3. KIT

Among the multiple genes affected by alterations that could potentially lead to melanoma
development, mutations in c-KIT are becoming an appealing target for personalized therapy.
This proto-oncogene encodes for a receptor tyrosine kinase (RTK), and its mutations were found in
other cancer types [34]. Although alterations in KIT were identified in only 3% of all melanomas, they
were frequently (28–39%) detected in melanoma arising from CSD skin, acral and mucosal sites [35,36].
Several trials based on targeting with kinase inhibitors c-KIT showed consistent results, obtaining an
ORR of 16–29% and a median OS of 12–13 months [7–10]. Other studies investigating nilotinib, a small
molecule more potent than imatinib in inhibiting KIT, showed promising clinical activity [11,37,38].
The global, single-arm, phase II TEAM trial showed 26.2% ORR (all partial responses) and OS of 18
months [11]. The kinase inhibitors dasatinib and sunitinib were also tested in this setting, with mixed
results [39,40]. Superior response rates in patients harboring KIT mutations in exon 11 or 13 were
noted, likely representing driver mutations responsible for melanoma growth.

2.4. Other Single Gene Candidate Predictive Biomarkers

Advances in genomic sequencing technologies, coupled with the development of effective
melanoma therapies, have led to the identification of genes bearing specific driver mutations and
displaying the role of predictors of response.

NF1 gene encodes for neurofibromin, a protein that negatively regulates the MAPK pathway: it is
the third most commonly mutated gene in melanoma, found in 46% of cases with BRAF and NRAS
wild type, and often co-mutated with RAS-associated genes [41].

NF1 mutant melanoma failed to show specific clinicopathological characteristics, other than the
association with advanced patients’ age [15].

Currently, there’s no clinical trial investigating NF-1 mutant melanoma, while a combination of
MEK and PI3K or mTOR inhibitors showed promising activity in mouse models [42].

A large proportion (85–90%) of uveal melanoma harbors a driver mutation in GNAQ or GNA11:
these mutations are mutually exclusive and cause an overamplification of the downstream signaling
through the MAPK pathway [43,44]. Therapies specifically targeting this altered gene are not
available. Treatment with selumetinib, a competitive MEK-inhibitor, failed to show any improvement
in overall survival when either compared to or added to dacarbazine mono-chemotherapy [12,45].
Multiple clinical trials are ongoing to evaluate the clinical efficacy of the inhibition of mitogenic
signaling mediated by GNAQ/GNA11. These include PKC inhibitors (NCT01430416, NCT01801358)
and MTOR inhibitors (NCT01430416; NCT01801358.)

CDKN2A loss is found in 50% of malignant melanoma [46]. CDKN2A and CDKN2B genes
block cell cycle progression through inhibition of CDK4 and retinoblastoma protein. CDK4 mutations
are associated with 20% of familial melanoma [47], and it is generally associated with a worse
prognosis [48,49].

Alterations of the CDK4/6 signaling pathway is observed in different types of melanoma,
concomitantly with NRAS, KRAS or BRAF; thus the genetic profiling of CDK4/6 may provide
insights for the targeted treatment of various types of melanoma. Preclinical studies demonstrated that
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CDK4/6 inhibitors could overcome the resistance to the treatment with RAS/RAF/MEK/ERK inhibitors
and anti-PD-1 immunotherapy [50].

2.5. Resistance to Target Therapy

The combination of BRAF inhibitors and MEK inhibitors showed clinical efficacy and long-lasting
disease control in metastatic melanoma whit an OS rate of 30% at five years [22]. However, resistance
mechanisms, leading to disease progression, may occur during the treatment, and about 15% of patients
are refractory to the treatment [22]. Different mechanisms may be involved: genetic causes with
sustained activation of the MAPK pathway, the emergence of alternative pro-oncogenic pathways,
epigenetic alterations, and microenvironment modulation [51].

Genetic alterations of genes involved in the MAPK pathway are reported in about 50% of patients
progressing to the treatment with BRAFi and MEKi; among these NRAS mutations accounted for
17% and MAP2KI-2 mutations of 15% and 8%, respectively. NRAS point mutations are detected
at an early stage of treatment, usually within 12 weeks, while the presence of MAP2KI P124S and
P124L in pre-treatment specimens correlated with rapid progression [52,53]. Nevertheless, genetic
alterations could not be identified in 40% of patients with disease progression [54]. BRAF V600E/K
amplifications have been reported in 8–13% of resistance to BRAFi and could coexist with other genetic
alterations as NRAS mutations [52]. Another mechanism of escape is the onset of BRAF alternate
splicing variants, which determine aberrant BRAF proteins’ dimerization and unable the BRAFi to
bind it [54]. Amplifications of cMET and MITF have been associated with resistance to MAPK pathway
inhibition: overexpression of these genes enhances transcription factor stimulating melanoma cell
growth [55,56].

The occurrence of an alternative pathway(s) is another possible resistance mechanism. Activation
of the PI3K-AKT pathway, through the loss of PTEN and BIM down-modulation, prevents melanoma
cell apoptosis and stimulates cell growth, thus leading to BRAF inhibitor resistance [57]. Loss of
PTEN correlates with worse PFS in patients treated with dabrafenib monotherapy [58]. Clinical trials
evaluating the association of PI3K inhibitors with MAPK inhibitors are ongoing [59].

Furthermore, several pieces of evidence showed the reciprocal influence between BRAFi therapy
and the immune system. On the one hand, BRAFi therapy modulates the tumor microenvironment
through up-regulating the expression of melanoma antigens (e.g., MART, gp100) and peritumoral
CD8+ T lymphocytes and reduction of immunosuppression cytokines and Treg [60]. On the other hand,
increased expression of PD-L1 and PD-1 in tumor cells, of exhaustion markers (like TIM3 and FOXP3)
on T cells, and the reduction of the frequency of CD8+ T cell infiltrate have been reported in histologic
samples of patients progressing to BRAF inhibitors [61,62]. These observations were also matched
with the detection of increased levels of pro-tumorigenic type 2 tumor-associated macrophages [61,62].
The combination of immune checkpoint inhibitors and target therapy might be a promising strategy to
enhance immune responses and prevent immune-mediated resistance; this hypothesis is currently
under evaluation in phase III clinical trials.

Finally, given the paucity of therapeutic alternatives for metastatic melanoma patients,
understanding the mechanisms of resistance to target therapies remains crucial to implement the
efficacy of the current treatments and develop new strategies for a prolonged clinical benefit.

3. Biomarkers in Immunotherapy

Together with target therapy, immunotherapy development, contributed to the rapid and dramatic
change in melanoma’s therapeutic landscape [63]. Initially, two classes of ICIs were approved:
1. anti-CTLA-4 antibody, and 2. anti-PD-1 [64,65] antibodies, showing, when used in monotherapy,
durable benefit in survival, both in BRAF mutated and wild-type patients [64].

In addition, the combination of anti-PD-1 and anti-CTLA-4 antibodies demonstrated a sharp
increase in response rate and progression-free survival compared to either drug alone [66]. However,
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a long term clinical benefit was limited to a fraction of patients, and the significant toxicity reported in
the case of combination therapy highlights the importance of the accurate selection of patients [66].

Biomarkers are still an unmet need to predict patients who will most likely benefit from different
immunotherapies, those who will experience toxicities, and to identify the mechanisms to overcome
the resistance to therapies (Table 2).

Table 2. Selected Biomarkers in Immunotherapy.

Biomarker Clinical Validation Tissue for
Assessment Assay Comments References

PD-L1 Yes; Phase III Trial Tumor; TME IHC
Clinical responses in

PD-L1 negative tumors.
Variability of the assays

[64,67]

TMB Yes; Phase III Trial Blood; TME NGS;
WES

Lack of standardized
TMB thresholds.

Variability in
quantification methods.

[68]

GEP No; early clinical
development Tumor IMPRES

(RNA-seq) Costs [69]

TIL No; early clinical
development Tumor IF, IHC Tumor tissue availability [70]

Peripheral
lymphocytes

No; early clinical
development Blood IF

Role of T-cell
subpopulations in

predicticting clinical
benefit

[71–73]

Gut Microbiota No; early clinical
development Oral, gut PCR; NGS

Inter-patients variability.
Role in predicting

toxicity
[74,75]

Abbreviations: TME, Tumor; Microenvironment; IHC, Immunohistochemistry; ICIs, immune checkpoint inhibitors;
NGS, next-generation sequencing; WES, whole exome sequencing; GEP, gene expression profile; TMB, Tumor
Mutational Burden; IMPRES, immune-predictive score; TIL, Tumor-infiltrating lymphocytes; IF, Immunofluorescence;
PCR, Polymerase Chain Reaction.

3.1. PD-1/PD-L1 Signaling

PDL-1 expression on tumor cells, assessed by immunohistochemical staining, has been extensively
evaluated as a predictor of clinical response to anti-PD-1/PD-L1 therapy.

Several studies, including different tumor histology, revealed a positive correlation between PD-L1
expression and response to ICIs [64,76,77], while others did not report any significant association [78].
These contradictory results might be, in part, attributed to the lack of a clear definition of threshold
and significance of PDL-1 positivity. In addition, different PD-1 and-PD-L1 specific antibodies have
different complementary diagnostic tests, which also have different thresholds of positivity. In the
studies with pembrolizumab, the positivity of tissues for PD-L1 is defined, using the 22C3 antibody
(Merck, Co., Inc., Kenilworth, NJ, USA), as at least ≥1% positive tumor cells. For nivolumab, the 28-8
antibodies (Dako, Santa Clara, CA, USA) were used, with a threshold of positivity of at least 5% of
tumor cells. This variability was reflected in the results of the clinical trials. The KEYNOTE-006 clinical
trial, for instance, showed that the expression of PD-L1 was found in 80.5% of cancer cases [64], while
in the Checkmate-067 study, only 23.6% of cases displayed positivity [66].

Moreover, while PD-L1 positivity is associated with the clinical benefit to ICIs, clinical responses
could also be observed in patients with PD-L1 negative tumors. Interestingly, in clinical trials combining
nivolumab and ipilimumab [66], for PD-L1 positive patients, the PFS was comparable between the
two arms of single agents and the combination. In PD-L1 negative patients, the RR, PFS, and OS were
significantly higher in the group treated with the combination. Altogether, these evidences highlight
that the solely expression of PD-L1 might be inappropriate as predictive biomarker. The potential
variability of PD-1 expression between primary and metastatic lesions [67] and its modulation over
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time, indicating that a single small biopsy not representative of the actual extension of the disease,
represents the major limitations for the assessment of PD-L1 as a standalone biomarker [67].

On the other hand, the prognostic value of the PD-L1 expression in patients with metastatic
melanoma remains even more controversial, having been associated with better or worst prognosis in
different studies [79–83]. Indeed, the results of 2 different studies in the adjuvant setting, one comparing
nivolumab to ipilimumab and pembrolizumab to placebo, respectively, showed that recurrence-free
survival was longer in patients with PD-L1 positive tumors, irrespectively from the treatment [4,84].
These findings remain hypothesis generating and, further studies are required to validate the role of
PD-L1 in defining patients’ prognosis and in driving clinical decisions.

3.2. Baseline Immune Factors

The considerable variability in intra-patient and inter-patient immunogenicity of melanoma
reflects the evolutionary process between the immune system and melanoma cells, which cannot be
limited to PD-1/PD-L1 interaction but must be viewed as an evolutionary process defined by a different
phenotypic and functional subset of cells.

Since 2006, when Galon and co-workers demonstrated that the qualitative, the quantitative,
and the spatial localization of CD3+ CD45RO+ memory T cells were independent prognostic factors
for the survival in colorectal cancer (CRC) [85,86], many efforts have been placed to determine the role
of immune infiltrating cells as biomarkers of immunotherapy.

Herbst et al. showed that the density of CD8+ T cells represented a reliable predictive indicator
of response to PD-1 inhibition [87]. In particular, in the setting of anti-PD1/PDL1 therapy, where
a possible mechanism of action is the revitalization of pre-existing T cell-mediated responses [88],
the phenotype of tumor-infiltrating lymphocytes (TILs) could play a central role in predicting patients’
clinical outcome. Two different studies documented the association between the presence of effector
T cells, assessed by perforin and granzyme levels [89,90], and the anti-PD-1 response was observed,
highlighting the importance of the characterization of intratumoral immune cells.

In melanoma patients, PD-1 is expressed by heterogeneous populations of T cells. The use of
additional T cell-associated markers, such as CTLA-1, LAG-3, TIGIT, can lead to the discrimination
between an effector and exhausted cell populations. Daud et al. [70] found that TILs expressing CTLA-4
and PD-1 represent a subset of exhausted T cells associated with ICI’s clinical response.

A similar observation was performed by Huang et al., showing that the phenotype of circulating
KI67+ T cells normalized to tumor burden, could be rescued toward effector cells by ICI therapy in
association with a favorable clinical outcome of melanoma patients [91]. Maccalli and colleagues
characterized more deeply the immunological responses in advanced melanoma patients treated with
the combination of chemo-immunotherapy (fotemustine and ipilimumab). The levels of central memory
T cells in the peripheral blood, expressing either co-stimulatory and activatory molecules (CD45RA−
CD62L+ CCR7+ CD27+ CD28+ BTLA+/PD-1+), were associated with clinical responses [71].

Two different reports from Weide et al. assessed the role of 2 different baseline signatures in
the peripheral blood of patients treated with ICIs. In the first one, the improved OS and PFS of
metastatic melanoma patients treated with ipilimumab were associated with baseline determinations
of high absolute eosinophil counts (AEC), relative lymphocyte counts (RLC), absolute monocyte counts,
CD4(+)CD25(+)FoxP3(+) cells, myeloid-derived suppressor cells (MDSC) level, and low baseline
LDH [72]. In the second study, the clinical benefit in patients treated with pembrolizumab was
associated with low LDH and high relative lymphocyte and eosinophil counts [73].

Little attention has been given to the role of innate immunity in the context of the anti-PD1
blockade. Indeed PD-1 is expressed on natural killer (NK) cells and dendritic cells (DCs). This is
particularly relevant in tumors with loss of HLA expression [92], in which tumor rejection is dependent
on NK cells, and is enhanced after PD-1 blockade. Indeed, PD-1 is expressed on natural killer (NK)
cells and DCs.
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PD-1 blockade can also trigger or enhance the secretion of activating cytokine by tumor-infiltrating
DCs, such as IL-12, IFN-γ, and CXCL9/CXCL10 [92,93]. The complexity of this information explains,
at least in part, that the activity of ICIs is exploited through a series of events, with many variables
influencing the impact in a heterogeneous tumor microenvironment (TME), which is rarely identical
to itself.

3.3. Tumor Mutational Burden

Tumors with a high frequency of non-synonymous somatic mutations, such as melanoma and lung
cancer, can generate an increased number of neoantigens, resulting in ‘novel’ and highly immunogenic
targets for the immune system. Importantly, this altered immunogenic molecular profile can induce
potent immune responses and clinically activity of ICIs [94–97].

The tumor mutational burden (TMB) is identified as the number of non-synonymous mutations
in the coding area of the tumor genome.

In general, high TMB is associated with better survival [96], almost in most histologies [98].
Snyder et al. evaluated the presence of somatic mutations and neo-antigen load in 64 tumor samples
derived from patients with melanoma treated with an anti-CTLA-4 antibody [68,99]. The mutational
load was associated with the expression of neo-antigens and a subsequent correlation with the clinical
response to ICIs.

Similar observations were obtained in NSCLC [100]; more recently, other studies extended these
evidences to tumors with diverse histologies treated with immunotherapy. However, many challenges
need to be resolved in order to use the TMB in the clinical practice as a predictive biomarker for
immunotherapy. First of all, the lack of agreement on TMB assessment, the multiple platforms use for
its assessment (DNA amounts, the extension of genome analyzed), and the different cut-off values
render this evaluation contradictory [101,102].

3.4. Tumor Microenvironment

As described in the previous paragraphs, single factors, such as the presence of either TILs or
PD-L1 in the tumor, are not sufficient to predict patients’ responsivness to immunotherapy. The lack of
direct correlation mirrors the complexity of tumor-host interactions in the microenvironment, with the
interplay of cancer cells with different subpopulations of immune cells, such as MDSCs, fibroblastsa, and
a variety of paracrine signals. The tumor microenvironment evolves depending on both tumor-related
factors, such as tumor histology and host factors, shaping the characteristics of immune infiltrate.
For instance, a correlation between PD-L1 expression on immune cells (e.g., DCs, macrophages, and T
lymphocytes) and response to ICIs was reported in different tumor types, including melanoma [87,103].
Additionally, there is a growing body of evidences that tumor-associated macrophages (TAM) may
abrogate anti–PD-1 response in patient cohorts with advanced melanoma through different mechanisms.
TAMs might weaken antitumor immune responses, probably by sequestering therapeutic anti-PD-1
antibodies from T cells [104]. Nuebert et al., demonstrated that the secretion of colony-stimulating
factor-1(CSF-1) by melanoma cells upon exposure to T cell-derived cytokines recruits TAMs to the tumor
site and consequently hampers antitumor immune responses [105]. Similarly, the lack of response to
atezolizumab was associated with transforming growth factor β (TGFβ) signaling in tumor-associated
fibroblasts, which prevent T-cell differentiation and infiltration into the tumor [106]. In this context,
a possible solution to reset antitumor immune responses and to improve clinical outcomes in melanoma
patients unresponsive to immunotherapy, could be the combination of immune checkpoint blockade
with macrophage elimination. In conclusion, a deeper understanding of non-tumoral cells and their
paracrine signaling within the TME could facilitate the discovery of biomarkers associated with the
efficacy of for ICIs.

The immune infiltrate represents a multifaceted component of TME. Indeed, different preclinical
and pathological studies demonstrated that the development and progression of melanoma are
associated with changes in cell metabolism involving a shift from oxidative phosphorylation to aerobic
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glycolysis [107,108]. In BRAF-mutated melanoma, the constitutive activation of BRAF kinase triggers
a metabolic rewiring which involves a cascade of consequences, including HIF-1 activation [109]
which is normally induced in response to low oxygen levels and increased expression of glucose
transporters and glycolytic enzymes [108] (e.g., SLC7A11). In addition, the oxygen concentration in the
micro-environment depends on melanin concentration in the lesion: a retrospective analysis showed
that its synthesis is related to worst disease advancement and radiotherapy outcomes [107].

In other preclinical works, it was shown that the inhibition of RAS/RAF pathway results in
metabolic reprogramming, which can ultimately determine a decreased level of Reactive Oxygen
Species (ROS) and hence a diminished antitumor effect of inhibitors of RAS/RAF pathway causing
resistance to BRAF inhibition [110].

While this is still an emerging area of investigation, a growing number of preclinical works
support the role of oxidative metabolism in melanoma progression and resistance to target [111] and
immunotherapy [112], and a deeper understanding of metabolic alterations of cancer cells would be
critical to achieving greater therapeutic success.

3.5. Microbiome

In the past decade, many studies have highlighted the central role of intestinal microbiota in
the metabolic process and immunity [113]. Accumulated evidence indicates a crucial contribution of
the microbiome also in the disease process, including carcinogenesis [114], in relationship with the
establishment of a pro- or antitumor inflammatory milieu. These effects can be exploited both locally
and at long distances [115].

For example, in CRC, the levels of Fusobacterium nucleatum (Fn) are increased in tumor tissues vs.
normal tissues and are also increased in metastatic lesions compared to the primary tumor. Fn might
mediate resistance to chemotherapy through a toll like receptor 4 (TLR4) mechanism [116]. In animal
models, specific alterations in gut microbiota are associated with spontaneous antitumor immunity
and different responses to CTLA-4 and PD-L1 blockade. The effect of immunotherapy with CpG
oligodeoxynucleotide and anti-IL-10 mAb was dependent on a functional microbiota.

Moreover, myeloablative regimens increase their effectiveness when they are associated with total
body irradiation through augmented levels of endotoxins and, thus, of pro-inflammatory cytokines
influencing the microbiome [117].

Two studies showed an association between intestinal microbiota composition and response to
ICI therapy in melanoma. Gopalakrishnan et al. found that the clinical responses in 112 melanoma
patients treated with anti-PD-1 therapy were associated with microbiota diversity and enriched specific
subspecies of the Ruminococcaceae family [74]. This is probably because microbiota diversity is
associated with an increased immune infiltrate of CD8+ T cells. Finally, the composition of the gut
microbiota may also be associated with ICI-induced side effects. Dubin et al. found that in 34 patients
treated with Ipilimumab, the presence of species from the Bacteroidetes phylum was associated with
decreased risk of ICI-induced colitis [75].

The study of the human microbiota and its genetic composition (microbiome) is still in its early
stages. Microbic taxa that can influence specific metabolic processes, therapeutic response to anti-cancer
treatment, and related toxicity remain to be defined; nonetheless, microbiology in precision medicine
will play a central role in the upcoming years.

4. Circulating Total DNA

Circulating total DNA (ctDNA) consists of soluble short nucleic fragments (~166 bp) released in the
plasma due to cell apoptosis and necrosis [118,119]. Several studies have shown that in cancer patients,
the ctDNA carries genetic information specifically present in tumor cells, providing information on
cancer cells’ clonal heterogeneity and their evolution over time [118,120] (Table 3). Multiple assays can
be used with different sensitivity levels to identify alterations in ctDNA. NGS-based methods may

83



Cancers 2020, 12, 3456

detect novel genetic aberrations or multiple co-existing mutations; in contrast, single or multiplexed
locus assays identify only one or a few genetic mutations.

Table 3. Circulating nucleic acids or tumor cells as biomarkers for melanoma.

Biomarker Predictive/Prognostic Clinical
Validation Assay Comments References

ctDNA Prognostic
Advanced

clinical
investigation

PCR
based

BEAMing

ctDNA has the potential to
anticipate clinical progression.
Need of a specific gene target

[121–123]

ctDNA Predictive
Advanced

clinical
investigation

PCR
based

Prognostic and predictive to
dabrafenib and Trametinib.

Limited sensitivity for brain
metastasis

[124]

ctDNA Prognostic
Advanced

clinical
investigation

PCR
based

Prognostic and predictive to
target therapy and
Immunotherapy

[125,126]

MicroRNAs Prognostic/Predictive Pre-clinical Luciferase
assay

miRNAs are more stable
compared to ctDNA. Low

Tumor specificity
[127,128]

CTC Prognostic/Predictive Pre-clinical PCR
based

Lack of standardized
technology [129,130]

Abbreviations: ctDNA, cellular tumor DNA; PCR, Polymerase Chain Reaction; BEAMing beads, emulsion,
amplification and magnetics; miRNA, microRNA; CTC, circulating tumor cells.

Beads, emulsion, amplification and magnetics (BEAMing) and droplet digital PCR (ddPCR),
two PCR-based techniques, have very high sensitivity [121,131–133], but they are limited by the need
for a specific gene target and hence used mostly in wild type melanoma for BRAF, NRAS or c-KIT.
In this subpopulation of patients, which accounts for 20% of melanoma patients, TERT promoter or
TP53 might identify an additional 15% of the cases [15].

The existing knowledge, derived from ctDNA studies in melanoma, favors the demonstration that
ctDNA levels function as a prognostic biomarker. Levels of ctDNA were found to significantly correlate
with serological markers of disease burden, like lactate dehydrogenase (LDH), S100 calcium-binding
protein B (S100B), and melanoma inhibitory activity (MIA) in melanoma specimen [134]. In addition,
baseline ctDNA levels were significantly associated with tumor burden and progression-free survival
(PFS) [133–135].

Lee et al. demonstrated that pre-operative ctDNA predicts metastasis-free survival in high-risk
stage III melanoma patients undergoing complete lymph nodes dissection, independent of stage III
substage136. Detectable ctDNA before complete surgical resection in patients with AJCC stage IIIB/C/D
(high-risk stage III) with a BRAF, NRAS, or KIT mutant melanoma is an independent predictor of
worse melanoma-specific survival (MSS) in patients receiving no systemic adjuvant therapy [122,136].

Thus, these biomarkers might be a critical tool in determining patients’ prognosis and stratifying
patients for adjuvant treatment clinical trials. The size of the largest tumor-involved lymph nodes
did not correlate with MSS, indicating that the prognostic significance of ctDNA detectability was
not solely due to tumor volume [136]. ctDNA collected after surgery (median of two weeks after
surgery) was only detectable in 12–36% of high-risk melanoma patients [122,137], but it was predictive
of recurrence and survival. Median DFI was four months (95% CI 0.1–1.0) in patients with detectable
ctDNA compared with 4.2 years (95% CI 2.5–limit not reached) in those where ctDNA was not detected.
Sensitivity for predicting relapse was 18–55% and specificity 95%, with a positive predictive value
of 79% and a negative predictive value of 51% [122,123]. The majority of patients with detectable
ctDNA relapsed within one year from surgery, suggesting that ctDNA in the plasma can reveal occult
metastatic disease that is not evident in radiological imaging [123].

The presence of ctDNA bearing BRAF mutation provided information regarding the
responsiveness of malignant melanoma to targeted therapy that complements the usual tissue
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biopsy results [124,125,138–140]. Not only the presence but also the level of ctDNA has predictive
value. In the BREAK-2 study, a phase II trial, aimed at evaluating the safety and clinical activity of the
dabrafenib, showed that high basal ctDNA levels correlated with lower overall response rate and lower
progression-free survival to targeted therapy [124]. These results were further confirmed in a large
study that included the BREAK-3, BREAK-MB, and METRIC clinical trials [141]. Overall, these studies
support the predictive value of ctDNA for the response to targeted therapy in melanoma patients.

Similar results were also observed with immunotherapy. Gray et al. showed that baseline ctDNA
levels were predictive of clinical response and long term clinical benefit to anti-CTLA-4 antibodies [125].
More recently, Lee et al. reported that also in the setting of anti-PD-1 therapy, ctDNA levels at
baseline provide an accurate prediction of tumor response, progression-free survival, and overall
survival [139]. High levels of ctDNA can precede radiological evidence of disease progression and
acquired resistance to targeted therapy. Finally, two recent studies highlighted ctDNA quantification
as a suitable complementary modality to functional imaging for real-time monitoring of tumor
burden [126]. Imaging integration could be useful, in particular, to differentiate pseudo-progression
from real progression [136].

However, ctDNA is not able to detect or monitor intracranial disease activity [126]. The blood-brain
barrier may restrict the release of ctDNA into the circulation. This has been shown in patients with
brain metastases who had undetectable peripheral blood circulating ctDNA although the ctDNA
was detectable in cerebral spinal fluid [142,143]. Finally, ctDNA might be a potential tool to monitor
disease-clonal evolution. Anti-BRAF and anti-MEK therapies lead melanoma cells to a positive clonal
selection, driving acquired mutation resistance. Studies have demonstrated that the identification of
specific mutations of resistance, such as NRAS at codon 61 (p.Q61K/R), is associated with resistance
to several drugs [125,140]. In this setting, an early therapy switches to immunotherapy, before
an uncontrolled increase in tumor burden, might increase the subsequent treatment response rate.
Previous studies have shown that a low tumor burden correlates with response to immunotherapy.

4.1. Micro RNAs

MicroRNAs (miRNAs) are short (20–200 nucleotides) non-coding RNA molecules that regulate
and modulate gene transcription processes and epigenetic processes involved in cell proliferation,
differentiation, and apoptosis. miRNAs are secreted by cells into the circulation, but compared to
ctDNA, they are more stable [144,145].

miRNAs have been implicated in the regulation of tumor development, progression, and
metastasis, and as such, have been proposed as potential cancer biomarkers [146,147]. The expression
of miRNAs has shown diagnostic, prognostic, and predictive value in melanoma [127]. Elevated levels
of miRNA-221 have been observed in melanoma compared to healthy controls, and their levels
correlate with the stage of the disease [148]. However, the diagnostic accuracy of miRNA can be
superior when a panel of miRNAs is evaluated [128]. The major limitation of the role of miRNAs as
prognostic/predictive tool is the lack of tumor-specificity [127]. Behind these favorable results, further
studies are warranted to confirm the predictive and prognostic value of miRNAs in melanoma.

4.2. Circulating Tumor Cells

The detection of circulating tumor cells (CTC) in patients with melanoma is challenging because
of the low concentration of these cells in peripheral blood and the lack of common CTC markers, as
in the case of epithelial cancers (e.g., EpCAM) [149]. In addition, melanoma CTCs represent highly
heterogeneous cell subpopulations [150,151], and the simultaneous usage of multiple markers is
required for the isolation of CTCs.

The variety of techniques used to identify CTCs [152–154] resulted in high variability of information
that might limit this methodology’s current clinical application.

In some studies, monitoring the levels of CTCs before and during melanoma treatment has
been shown to be informative with respect to prognosis and therapy response in melanoma [129,155].
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Using real time-PCR to detect transcripts in blood, Reid and colleagues showed that in 230 patients,
the presence of two transcripts (MLANA and ABCB5) was associated with disease recurrence and
the expression of one other (MCAM) was significantly more common in patients with poor treatment
outcomes [130]. Also, the detection of multiple melanoma markers in patients’ blood was associated
with disease stage [156], disease-free survival (DFS), and overall survival (OS) [129,157].

Despite some encouraging results, CTCs clinical use as a reliable biomarker will remain limited
because of the uncertain biology of these cells and the lack of standardized technology.

5. Conclusions

In the last decade, an extraordinary leap forward in the treatment of melanoma occurred, taking
advantage of the advent of targeted and immunotherapies. Hence, from now on, preclinical and
clinical investigations will have to face new emerging needs.

While these approaches have provided a radical improvement in RR, DFS, and OS, although
a relevant proportion of the patients experienced limited clinical benefits. The “classical”
clinical-histological classification of T-, N- and M-stage might no longer be appropriate in the light of
new therapeutic approaches. The availability of predictive biomarkers has the potential to develop
more personalized therapeutic approaches.

For oncogene-addicted cancers, such as BRAF+ melanoma, the presence of BRAF V600E or V600K
mutation represents an effective predictive tool for the choice of specific target therapies.

However, instead, for others, such as NRAS or c-KIT mutated melanoma, the mutation’s predictive
power is not sufficient to identify true responders’ subpopulations.

Immunotherapy represents the only therapeutic option for wild-type melanomas and an alternative
option for BRAF mutated melanoma. However, only a fraction of these patients can show clinical
benefit. In this setting, despite numerous candidate biomarkers have demonstrated a correlation with
clinical response, the composite nature of the factors involved in treatment efficacy requires alternative
approaches for proper patient selection.

PD-L1 expression by IHC is not sufficient to stratify or to withhold patients from potentially
beneficial therapy. Other characteristics may then help to select patients for ICIs treatment.
These include genomic features, such as TMB, immune infiltrate, lymphocytes subpopulations,
and also the composition of gut microbiota.

The combinatorial use of these parameters might improve to define the dynamic nature
of tumor/host interactions and might ultimately improve our capacity to predict response
to immunotherapy.

Another unmet need in the management of melanoma patients is to develop biomarkers that
predict toxicity, mostly in the case of treatments of similar efficacy or when there is the need to
identify a subgroup of patients able to tolerate significant toxicities as for Nivolumab and Ipilimumab
combination [158].

Although many patients experience an initial clinical benefit to anti-melanoma therapies, acquired
resistance ultimately develops. In this setting, biomarkers may provide valuable information to develop
a more personalized approach. On-treatment biomarkers could provide information on early signs
of resistance and allow a correct and efficient sequencing of target and immune therapy or identify
patients who most likely will experience a long-term benefit (Figure 1).

To overcome the aforementioned hurdles, the clinical validation and application of biomarkers
need to integrate a vast amount of information into a clinically applicable setting. This will imply
systematic specimen collection and handling, the use of standardized assays available in a large number
of laboratories, the development of appropriate clinical endpoints for determining early efficacy, and
clinical development, integrating existing preclinical work with different platforms in development
and appropriate clinical tools able to give specific answers.
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Simple Summary: Melanoma cells reside in a complex stromal microenvironment, which is a
critical component of disease onset and progression. Mesenchymal or fibroblastic cell type are
the most abundant cellular element of tumor stroma. Factors secreted by melanoma cells can
activate non-malignant associated fibroblasts to become melanoma associate fibroblasts (MAFs).
MAFs promote tumorigenic features by remodeling the extracellular matrix, supporting tumor
cells proliferation, neo-angiogenesis and drug resistance. Additionally, environmental factors may
contribute to the acquisition of pro-tumorigenic phenotype of fibroblasts. Overall, in melanoma,
perturbed tissue homeostasis contributes to modulation of major oncogenic intracellular signaling
pathways not only in tumor cells but also in neighboring cells. Thus, targeted molecular therapies
need to be considered from the reciprocal point of view of melanoma and stromal cells.

Abstract: The development of a modified stromal microenvironment in response to neoplastic onset
is a common feature of many tumors including cutaneous melanoma. At all stages, melanoma
cells are embedded in a complex tissue composed by extracellular matrix components and several
different cell populations. Thus, melanomagenesis is not only driven by malignant melanocytes,
but also by the altered communication between melanocytes and non-malignant cell populations,
including fibroblasts, endothelial and immune cells. In particular, cancer-associated fibroblasts
(CAFs), also referred as melanoma-associated fibroblasts (MAFs) in the case of melanoma, are the
most abundant stromal cells and play a significant contextual role in melanoma initiation, progression
and metastasis. As a result of dynamic intercellular molecular dialogue between tumor and
the stroma, non-neoplastic cells gain specific phenotypes and functions that are pro-tumorigenic.
Targeting MAFs is thus considered a promising avenue to improve melanoma therapy. Growing
evidence demonstrates that aberrant regulation of oncogenic signaling is not restricted to transformed
cells but also occurs in MAFs. However, in some cases, signaling pathways present opposite regulation
in melanoma and surrounding area, suggesting that therapeutic strategies need to carefully consider
the tumor–stroma equilibrium. In this novel review, we analyze four major signaling pathways
implicated in melanomagenesis, TGF-β, MAPK, Wnt/β-catenin and Hyppo signaling, from the
complementary point of view of tumor cells and the microenvironment.

Keywords: melanoma; cancer associated fibroblast; tumor microenvironment; melanomagenesis
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1. Introduction

Melanoma represents approximatively 4% of skin cancer cases but is the deadliest one,
corresponding to 80% of skin cancer deaths and about 1–2% of all cancer deaths [1,2]. Its incidence is
rising in most countries of the western world [3]. The transformation of melanocytes into melanoma
requires a burden of mutations that can be caused by both endogenous and exogenous cues [4–6].
However, genetic studies demonstrated that sporadic melanoma are associated to allele variants
with high prevalence and low penetrance indicating that environmental factors play a key role in
melanoma development [7–9]. Among them, the exposure to ultraviolet (UV) rays has a significant
impact on skin biology and homeostasis [10]. The most deleterious effect of UV radiations is the direct
damage to DNA. In addition, UVA not only contributes to the direct formation of DNA lesions but
also impairs the removal of UV photoproducts from genomic DNA through oxidation and damage to
DNA repair proteins [11,12]. In the epidermis, melanocytes, which are classified as intermittent mitotic
cells [13] and normally divide only on demand, are more prone to accumulate damage than rapidly
dividing cells such as keratinocytes. Likewise, melanocytes have a reduced repair capacity for oxidative
DNA damage than skin fibroblasts [14]. Moreover, frequent excessive exposure to UV light impacts
on melanocyte microenvironment within the epidermis, contributing to melanoma onset [15,16].
For example, alterations in the composition of basement membrane and dermal extracellular matrix
might anticipate melanomagenesis, facilitating disease occurrence. In chronically sun-exposed skin,
qualitative and quantitative alterations of dermal extracellular matrix proteins causing loss of tensile
strength, increase fragility and impair wound healing [17]. The expression of type VII collagen that
anchors fibrils at the dermal–epidermal junction by keratinocytes is decreased in UV-irradiated skin
areas. UV-irradiated skin produces several enzymes such as matrix metalloproteinases (MMPs),
which degrade dermal collagen fibers (especially type I collagen) and elastic fibers. This process causes
an overall modification of mechanical properties of tissues that is part of the photoaging process [18,19].
Instead, in the contest of melanoma, MMPs altering the basement membrane and dermal ECM
architecture can facilitate invasion of tumor cells. Accordingly, excessive production of MMP1, MMP2
and MMP9 has been frequently observed in melanoma patients [20–22]. Tissue surrounding benign
nevi and melanomas display greater stiffness than normal skin indicating that mechanical properties
of the matrix impact on melanoma initiation or progression [23]. Increasing evidence suggests that
tissue rigidity or matrix stiffness controls phenotypic states and contributes to the invasive process
in advanced melanoma [24]. Thus, in the skin, due to continuous extrinsic stimulation, persistent
alteration in the extracellular matrix can act independently to tumor onset moving as a driver of
the tumorigenic process. In addition, biological behavior of normal dermal and epidermal cells is
constantly influenced by external agents. Since fibroblasts are long lived cells constantly undergoing
damage accumulation, they are considered a relevant player of skin carcinogenesis. Following UV
light irradiation, keratinocytes secrete melanocyte growth factor (including α-melanocytes stimulating
hormone, α-MSH and endothelin-1, EDN1), which increase cytokine and the melanin production and
transfer preventing further damage caused by UV [25–27]. In vitro, UVA and UVB activate bFGF
production by both skin fibroblasts and keratinocytes [28]. Keratinocytes additionally increase the
secretion of hepatocyte growth factor (HGF) and transforming growth factor-β1 (TGF-β1) inducing
proliferation in melanocytes that in turn become more susceptible to transformation [29].

Transitory activation of melanocytes is part of the tanning response, the main physiological
process protecting the skin from UV light. However, aberrant increased production of growth
factors is considered part of the acquisition of stress-induced premature senescent phenotype and
the corresponding senescence-associated secretory phenotype (SASP) as those promoted by chronic sun
exposure. Correspondingly, growth factors hyperproducing senescent fibroblasts are frequently described
in age spot and melasma, two pathological condition characterized by hyperpigmentation [30–33]. It is
extensively documented that senescent fibroblasts accumulate in habitually sun-exposed skin and
orchestrate stroma modification into a tumor-promoting one [34–37]. In line with other cancer types,
the secretory profile of melanoma-associated fibroblasts largely overlaps with that of senescent
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fibroblasts [38,39]. Properly, multivariate analyses demonstrate increasing age is the strongest
independent adverse prognostic factor together with Breslow thickness [40]. Tumor cells utilize
fibroblast-secreted growth factors to facilitate their own survival and proliferation. The secretory profile
of fibroblasts is also critical in metabolic and immune reprogramming of the tumor microenvironment
with an impact on angiogenesis regulation and adaptive resistance to therapy [41–44]. Due to the
intense melanoma-stoma crosstalk, fibroblasts progressively modify their biological feature, presenting
a molecular signature that partially overlaps with the cancer one.

This review focuses on major intracellular signaling pathways deregulated in melanoma analyzed
from the reciprocal point of view of melanoma cells and MAFs.

2. Transformation of Normal Fibroblasts to Melanoma-Associated Fibroblasts

Physiologically, melanocytes reside within the basal layer of the epidermis and interplay tight
contacts with epidermal keratinocytes through E- and P-cadherin adhesion proteins, whereas an
intense communication networks mediated by soluble factors explains the deep influence of dermal
compartment in melanocyte biology [45–47]. However, during melanoma progression, there is
a progressive loss of E-cadherin [48–50] and gain of N-cadherin [49,51–53], which not only frees
melanoma cells from control by keratinocytes, but also provides new adhesion characteristics [54–56].
Consequently, melanoma cells acquire invasive properties, violate the basement membrane and
invade the underlying dermis establishing unusual homotypic interaction between melanoma cells
and heterotypic cell–cell contact with fibroblasts, endothelial and immunocompetent cells. All these
elements synergistically play a specific role in disease progression. Cadherin switch as well as integrins
expression profile modification also implies the activation of inappropriate survival signals [57,58] and
thus enhances the malignant phenotype [51,55,59].

Melanoma cells actively interact with stromal cells, not only through direct cell–cell but also
through cell–matrix interactions and secreted growth factors and cytokines. A complex network of
soluble bioactive molecules contributes to the alteration of the host tissue and to the definition of
malignant behavior of melanoma. An exclusive feature distinguishing melanoma from other tumors is
the communication through melanosome, tissue-specific organelles deputies to the extracellular melanin
distribution [60]. Fibroblasts around melanoma contain in their cytoplasm a significantly higher density
of melanosome [61]. Melanosomes released from melanoma cells carrying pro-inflammatory molecule
and several microRNA are able to transform dermal fibroblasts into pro-tumorigenic [61]. Evidence that
fibroblasts begin to aggregate in the dermis at early stages of melanoma initiation, before melanoma cells
invade, underlies the importance of paracrine communication between melanoma cells and surrounding.
Thus, starting from early tumor stage, due to continuous paracrine stimulation by transformed cells,
surrounding stromal fibroblasts are induced to initiate phenotypic, molecular and biochemical
transitions and to transdifferentiate into cancer-associated fibroblasts (CAFs). Cancer-associated
fibroblasts represent one of the major players in tumor–stroma network. CAFs acquire myofibroblast
features and produce several growth factors that contribute to tumor cells proliferation, survival
and metastasis [42,62]. CAFs are similar to myofibroblasts present during wound healing or the
fibrotic conditions. In fact, desmoplastic wound healing-like tumor stroma is frequently referred
as a consequence of mutual interaction of tumor cells and CAFs [63]. CAFs are distinguished from
their normal counterparts by the expression of several markers such as alpha-smoot muscle actin
(α-SMA), fibroblast specific protein-1 (FSP-1 also referred as S100A4), fibroblast-activating protein
(FAP), platelet derived growth factor receptor-alpha/beta (PDGR α/β), tenascin-C, collagen 11-α1
(COL11A1), vimentin and fibronectin. However, a univocal molecular definition of CAFs profile is
yet lacking. Clinically, the presence of many myofibroblasts in the tumor microenvironment has been
associated with elevated risk of invasion, metastasis and a poor prognosis [34,64]. In addition to
resident fibroblasts, there are several sources of CAFs, including bone marrow mesenchymal cells and
endothelial cells [62,65]. In the case of melanoma, due to the prevalent localization at the junction
of the epidermis and the dermis, dermal fibroblasts are considered the major source of CAFs, also
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referred to as melanoma-associated fibroblasts (MAFs) [42,66–68] (Figure 1). MAFs are less frequent
compared to CAFs in other solid tumors [66]. Fibroblasts are associated to melanoma cells at all stages
of disease and their functional contribution to disease progression has been largely documented but
now increasing data also highlight their antitumor actions [69,70]. As an extreme consequence of
the intimate relationship between melanoma and fibroblast, an original study described cell fusion
events capable of generating tumor–stroma cell hybrid clones [44]. It is not fully clear if the dual
nature of cancer microenvironment reflects the contemporary presence of heterogenic populations or
if differences reside in disease evolution. Since MAFs co-evolve with tumorigenic cells it is possible
that an early anti-tumor phenotype is replaced by a pro-tumorigenic one during disease progression.
In line with the idea that MAFs co-evolve with melanoma cells, several research papers demonstrated
an inhibitory function of dermal fibroblasts during tumor onset. This is largely because normal
dermal fibroblasts, which are mostly quiescent cells in healthy condition, function as controller of
tissue homeostasis. In vitro, co-culture experiments using normal fibroblasts and cells isolated from
primary melanoma evidenced repressive influence on melanoma cells [71]. Multiple factors have been
implicated in the transition of normal tumor-suppressive fibroblasts into reactive and tumor-promoting
CAFs [72].
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Figure 1. Schematic representation of tumor–stroma cross-talk. In melanoma, tumor cells share their
microenvironment with MAFs, immune cells and blood vessels. Resident fibroblasts might oppose an
early anti-tumor activity or facilitate tumor development, whereas, during disease progression, activated
MAFs gradually acquire a marked pro-tumorigenic phenotype. An intense bi-directional exchange
of soluble factors between melanoma and surrounding cells significantly modifies in MAFs several
intracellular signaling pathways including oncogenic pathways. Extracellular matrix supports tumor
architecture and influences various signal transduction pathways in both tumor and associated cells.

One of the biological behaviors of activated fibroblasts is increased proliferation rate [73].
A possible explanation of augmented proliferation of stromal cells might reside in the pro-mitogeic
tumor milieu. At least during early stage of disease, the simple nearness to transformed cells could
explain the involvement of non-cancerous cells that endure the extraordinary tumor secretory activity
of melanoma cells. Proteomic analysis revealed that factors released in the culture medium by
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melanoma cells stimulate in dermal fibroblasts a general increase in protein synthesis. In particular,
the biological process involved in fibroblast reprograming are those related to mRNA catabolic
process, translation initiation, protein targeting to membrane and synthesis of metabolic-related
small molecules [74,75]. Paired analysis of melanoma cells and associated MAFs revealed a trend
of functionally coordinated reorganization of metabolic pathways, cytoskeleton reorganization and
ECM remodeling [74]. Fibroblast reprograming is a crucial step for melanoma progression as
demonstrated by the correlation between capacity of melanoma cells to alter fibroblast gene expression
and the invasive potential in vitro [76]. Specifically, metastatic melanoma increases the production of
cytokines and chemokines by MAFs more efficiently than nonmetastatic melanoma [76]. Among the
immunomodulators involved in MAFs activation, IL1β seems to be a driver of melanoma invasion
both in vitro and in vivo [76]. Cytokines produced by dermal fibroblasts, such as interleukin-6 and -8
(IL-6 and IL-8), interferon gamma (INFγ), tumor necrosis factor-alpha (TNF-α) [77,78] and a variety of
CXCLs [37], have the capacity to mobilize immune cells. The balance between pro-inflammatory and
anti-inflammatory cytokines in tumor area strongly impact on patient’s prognosis. Cytokines profile
supporting M1 macrophage differentiation sustain CD4+ and CD8+ T-cells infiltrating the tumor
microenvironment and favorable clinical outcome, whereas alternative M2 macrophage polarization
present immune-suppressive function. Since MAFs are the main producer of suppressive cytokines [46],
their role in immune escape and tumor progression is relevant. MAFs suppress NK-cell activity and
CD8+ cytotoxic activity [66,79]. Release of IL-8, CCL2/MCP1 (monocyte chemoattractant protein-1)
and tissue inhibitor of metalloproteinase 2 (TIMP-2) by fibroblasts when co-cultured with melanoma
cells has also been implicated in the angiogenic process indicating that recruitment of microvascular
endothelial cells depends on the synergic melanoma-fibroblast network [80].

Considering all these pleiotropic roles, MAFs are considered a promising target for melanoma
therapy. Essentially, targeting CAFs has been investigated by using agents aiming to eliminate or
reprogram CAFs. However, in mouse model, reduced stromal content accelerates tumor growth
and angiogenesis and full depletion of CAFs induces immunosuppression [81,82]. Thus, based on
fibroblasts exceptional phenotypic plasticity, therapeutic re-orientation of CAFs to an anti-tumor
phenotype seems to be more promising. Therefore, to efficiently reprogram CAFs’ activity against
tumor, we need to exactly know the contribution of stromal fibroblasts in a specific tumor type and to
promote exclusively anti-neoplastic properties.

3. Significance of Altered Intracellular Signal Transduction Pathways in Melanoma and
Associated Fibroblasts

3.1. Wnt Signaling

Signal activation due to the Wnt family of secreted glycoproteins is involved in embryogenic
development, cell polarity, tissue homeostasis and cell proliferation in adult stage [83,84]. β-catenin is
the key protein regulating Wnt signaling-mediated gene expression [85]. Moreover, β-catenin is deeply
implicated in cadherin-based cell adhesion [86,87]. In the absence of Wnt ligands, β-catenin is recruited
into a destruction complex that contains adenomatous polyposis coli (APC) and AXIN, which facilitates
the phosphorylation of β-catenin by casein kinase 1 (CK1) and then glycogen synthase kinase-3 beta
(GSK3β) leading to its ubiquitylation and proteasomal degradation. Following the binding of Wnt factors
to their receptors (frizzled, FZD and low-density lipoprotein receptor protein 5/6 (LPR5/6)), cytosolic
GSK-3β is sequestered, and the phosphorylation of β-catenin is prevented. The blocking of β-catenin
degradation leads to its stabilization in the cytosol and consequent translocation into the nucleus, where
it binds to members of lymphoid enhancer-binding factor (LEF)/T-cell specific factor (TCF) family and
some other co-regulators to promote the transcription of ubiquitous genes such as Jun, c-Myc and
CyclinD-1, most of which encode oncoproteins [88,89]. In addition, β-catenin is a co-activator for the
expression of melanocyte-lineage restricted genes including Microphthalmia-associated Transcription
Factor-M (MITF-M) [90–92], Dopachrome Tautomerase (DCT) [91,93–95] and Brn-2 [96]. The ability of
Wnt/β-catenin signaling to drive the expression of differentiation-related genes reflects its critical role in
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melanocyte development [91,97,98] and adult melanocyte stem cells mobilization [99,100]. Given peculiar
involvement of β-catenin in both proliferation and differentiation of melanocytes, it is not surprising
that in this type of cells its expression level is subjected to tight regulation. For example, in normal
melanocytes in vitro, reduced β-catenin gene transcript by RNA interfering leads to a rapid stabilization
of the corresponding protein capable of restoring the physiological level of expression [101].

As demonstrated in numerous studies, the aberrant activation of Wnt signaling contributes
to malignant cell transformation and neoplastic proliferation with further metastatic dissemination
and resistance to treatment [102–105]. Deregulations in the canonical Wnt signaling in cancer may
result from gain-of-function gene alterations and epigenetic mechanisms. Nonetheless, β-catenin,
APC and AXIN2 mutations are rare in primary melanoma specimens [101,106–111], in comparison
to well-characterized melanoma cell lines cultured in vitro for a long period [112]. This suggests
that elevated β-catenin protein level confers proliferative advantage under a selective pressure such
as in vitro cell growth. In melanoma, epigenetic regulation of Wnt antagonists such as Dickkopf
proteins (DKKs), Wnt inhibitor factor-1 (WIF1) and soluble frizzled-related protein-2 sFRP2 contributes
substantially to cell-autonomous activation of Wnt/β-catenin signaling [113,114]. DKK2 and DKK3
have been found upregulated in the good-prognosis melanoma patients presenting basal high
immune signature [115]. Unlike most cancers, where Wnt signaling is considered a driver of both
tumor formation and progression, in human melanoma, there are contradictory results [116–118].
The major discrepancies emerged from the comparison between studies performed with melanoma
cell culture model and investigations based on immunohistochemical analyses in skin biopsy and
clinical outcome. In vitro studies proposed that an increased nuclear translocation and activity of
β-catenin promote melanoma proliferation [119] and invasion [105]. By contrast, diverse studies
linked the activation of Wnt/β-catenin signaling to decreased proliferation [120] and repressed
invasion [121] and migration [122]. In vivo observations from melanoma patients indicated that
nuclear β-catenin correlates with improved survival [120–123]. Furthermore, almost all benign
nevi are positive for nuclear β-catenin [124,125]. Adding complexity to this scenario, changes in
Wnt signaling pathway have been linked to phenotype switching of melanoma cells between a
highly proliferative/non-invasive (high β-catenin expressing cells) and a slow proliferative/metastatic
(low β-catenin expressing cells) condition [126–129]. These data collectively suggest that the ambiguous
role of Wnt pathway activation in melanoma strongly depends on the combination of both intracellular
and microenvironmental contexts. The expression and transcriptional activity of β-catenin inversely
correlate to immune activation and it has been proposed as a predictive marker of immunotherapy
response [115,116,130–134]. The mechanism by whichβ-catenin promotes resistance to immunotherapy
involves the reduced secretion of attractant chemokines that allows impaired infiltration and activation
of dendritic and T cells [130]. Conversely, MAPK inhibitors demonstrated an enhanced efficacy in
cultured melanoma cell lines with activated Wnt/β-catenin signaling [135,136]. However, in line with
the idea that patient’s immune activity contributes to MAPK inhibitors outcome, in vivo studies did
not confirmed improvements in patient’s survival presenting intrinsic β-catenin activation [137].

In the tumor background, in addition to genetic and epigenetic mechanisms, increased paracrine
factors from the surrounding tissue might contribute for the activation of Wnt signaling in tumor cells [138].
Among these, Wnt ligands and several growth factors are frequently hyperproduced by CAFs [139,140]
such as hepatocyte growth factor (HGF) [141] and platelet-derived growth factor (PDGF) [142]. It has
been proposed that elevated level of sFRP2, a Wnt antagonist, secreted by aged fibroblasts could
facilitate the acquisition of a metastatic, therapy-resistant state of melanoma [143]. Modification of
Wnt pathway modulators in melanoma cells, including Wnt5a [128,144,145], Wnt7b, Wnt10b [146],
Frizzled-3 (FZD3) [130] and DKKs [113] has been largely investigated as a cell autonomous mechanism
responsible of signaling activation in tumor cells. However, this intense secretory activity might also deeply
influence neighboring cell populations. Interestingly, Wnt ligands secreted by tumor cells could stimulate
the polarization of tumor-associated macrophages (TAMs) to M2 tumor promoting subtype via Wnt
signaling [147]. Thus, tumor paracrine activity might also play a relevant role in Wnt signaling regulation
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of other skin cell types, including mesenchymal cells. In dermal fibroblasts, transient stimulation of
Wnt/β-catenin signaling is associated to an activated state of this type of cells during tissue repair [148–151].
Sustained Wnt/β-catenin activation in dermal fibroblasts is involved in pathogenesis of fibrotic diseases
including hyperplastic wounds [152] and keloids [153–155]. Stroma recruited by melanoma resembles
fibrotic microenvironment of persistent wound healing, since the entire tissue experiences a chronic injury
due to the damage caused by tumor growth. As with other cancers, nuclear and cytoplasmic β-catenin
has been demonstrated highly expressed in MAFs located around and in the melanoma tissue [72]. In 3D
multicellular tumor spheroid model and in in vivo mouse melanoma model, skin fibroblasts ablated for
β-catenin gene demonstrated reduced ability to support the growth of B16F10 melanoma cells [70,72].
In this case, the observed reduced number of stromal fibroblasts partially explain the diminished inhibitory
effect of dermal fibroblast on melanoma formation. However, deactivation of β-catenin also weakens
the expression of HGF and ECM proteins in residual fibroblasts [72,156]. Interestingly, β-catenin loss
in fibroblast affects the RAF-MEK-ERK signaling cascade suppressing melanoma cell proliferation and
cells death at the same time [72,157]. Shao and co-workers reported that the expression of Wnt-induced
secreted protein-1 (WISP-1), a β-catenin target gene, is almost undetectable in areas with melanoma and
in the surrounding tissue, whereas strong expression has been observed in non-activated fibroblasts of
uninvolved skin [158] indicating a negative correlation between WISP-1 expression and a permissive
tumor microenvironment. However, in this case, deregulated WISP-1 expression has been linked to the
suppression of Notch signaling in MAFs rather than to the activity of Wnt pathway. As observed for other
mesenchymal cells, independently of the presence of Wnts ligand at the extracellular level, Wnt signaling
could be coordinately modulated in melanoma and stromal cells also by tissue stiffness [159]. Activation
Wnt/β-catenin signaling in response to change in substrate stiffness might be stabilized or reinforced by a
positive feedback loop based on the transcription of the β-catenin target gene wnt-1 [159].

3.2. Hippo Signaling

Hippo signaling is an important regulator of cell proliferation and survival in animals playing a
critical role in organ size control, stem cells homeostasis, cell polarity and shape [160,161]. The Hippo
pathway is regulated upstream by extracellular mechanosensory signals arising from perturbation of
actin cytoskeleton and adhesion change, as well as by a variety of extracellular signaling molecules.
Hippo activity is deregulated in many cancers, despite mutations of pathway components are uncommon
especially in melanoma [162,163]. Alteration of gene copy number among Hippo pathway elements
have been frequently observed [164]. The Hippo signaling pathway includes a kinase cascade
that modulates different proteins in order to phosphorylate and inactivate its main downstream
cytosolic effectors, yes-associated protein (YAP) and tafazzin (TAZ), which direct gene expression
via control of the Transcriptional enhancer factor (TEAD) family of transcription factors [165,166].
Nuclear YAP/TAZ interact with several important transcription factor including TCF/LEF, small mother
against decapentaplegic factors (SMADs), cAMP response element-binding protein (CREB), myoblast
determination protein 1 (MyoD) and tumor protein p73 (TP73) controlling cell proliferation and
apoptosis [167–169]. This pathway is thought to be central to uveal melanomagenesis as YAP is
hyperactive in uveal melanoma cells and mediates the oncogenic effect of guanine nucleotide binding
protein (G protein) q polypeptide (GNAQ), or G protein α 11 (GNA11) mutations, which occur in
approximately 80% of these type of melanoma [170,171]. YAP protein expression is elevated in most benign
nevi and primary cutaneous melanomas but present at only very low levels in normal melanocytes [163].
Furthermore, since Hippo pathway is modulated by adhesion change and mechanical signaling, there is
a strong possibility that extracellular stimuli from the melanoma microenvironment such as ECM
modification might therefore impact on its activation. In melanoma patients, increased collagen and
fibronectin abundance correlates with YAP nuclear localization [24]. Further analysis of the same patient
cohort evidenced that melanoma cells positive for YAP nuclear staining present elevated MITF expression
and a proliferation/differentiation signature. Proliferation and differentiation are not mutually exclusive
events in the melanocyte lineage and are both promoted by MITF. By contrast, low level of MITF
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are associated to a dedifferentiated/invasive phenotype [126,172]. Several other studies indicated that
hyperactive YAP is sufficient to drive cells switch from proliferative to invasive phenotype [173,174].
In murine xenograft model silencing the expression of YAP and TAZ results in reduced proliferation
of human melanoma cell lines and decreases lung metastasis [133]. The E-cadherin/catenin complex
functions as an upstream regulator of the Hippo signaling combining loss of E-cadherin at the cell surface
with β-catenin and YAP nuclear accumulation [175]. Added evidence demonstrated cross-regulation
between Wnt/β-catenin and Hippo signaling: TAZ is targeted for degradation by theβ-catenin destruction
complex [176,177]. On the other hand, YAP and TAZ can retain β-catenin in cytoplasm limiting
Wnt/β-catenin signaling [178]. Thus, YAP and TAZ can be viewed as integral components of the
Wnt/β-catenin signaling pathway in addition to their role in Hippo signaling [178,179]. Interestingly,
TGF-β produced by stromal fibroblasts might exert a fine regulation of YAP transcriptional activity
promoting YAP/SMAD interaction instead of YAP/PAX3 transcription complex redirecting cells to a less
differentiated more aggressive state similar to melanocyte stem cells [24].

In cutaneous melanoma, evidence from cell lines supports not only a role of YAP/TAZ in cell
invasion but also in resistance to target therapy and immunotherapy [171,180,181]. YAP promotes
PD-1 expression driving immune evasion in BRAF inhibitors-resistant melanoma [181,182]. However,
opposite to tumor cells, activation of YAP and TAZ in CAF exerts a tumor-suppressive function.
In fact, deletion of YAP and TAZ in these peritumoral cells accelerated primary liver tumor
growth. Experimental hyperactivation of YAP in peritumoral hepatocytes triggered regression
of melanoma-derived liver metastasis. Since tumor cell survival depend on the relative activity of YAP
and TAZ tumor and surrounding tissue, it has been hypothesized that the major function of YAP/TAZ
in tumor cells is to elevate their competitive fitness and to “protect” them from the tumor-suppressive
action of the surrounding parenchyma [182]. According to the concept of cell competition, an interesting
point resides in the concept that it is the relative level and not the absolute level of a molecular pathway
(not only Hippo pathway) that determines which cells (peritumoral or tumoral) lose competition.
On the other hand, acquired mutations render cancer cells more competitive than non-neoplastic cells
compromising tumor elimination [183].

3.3. TGF-β Signaling

The transforming growth factors (TGF)-β family of growth factors are secreted multifunctional
cytokines that signals via plasma membrane TGF-β type I and type II receptors and intercellular
small mother against decapentaplegic (SMADs) transcriptional effectors [184]. TGF-β controls tissue
remodeling during embryonic development, angiogenesis, tissue repair and several cellular functions,
such as cell growth, adhesion, recognition, cell fate determination and apoptosis [185,186]. In the skin,
TGF-β is important for the wound healing process, especially in burn wounds [187]. TGF-β has a
dual action in cancer as a tumor suppressor and a tumor promoter. As a tumor suppressor, it inhibits
tumorigenesis by inducing growth arrest and apoptosis. As a tumor promoter, it induces tumor cell
migration and stimulates epithelial to mesenchymal transition, a process during which cancer cells
lose epithelial features and activate genes that increases cell motility and dissemination [35,36,188].

Alterations of TGF-β signaling, including loss-of-function mutations in genes encoding TGF-β
receptors or SMAD proteins, confer escape from the antiproliferative activity of TGF-β [189]. Melanoma
produces increasing amounts of TGF-β with disease progression [190,191], providing an optimal
microenvironment for undisturbed tumor growth. Contrary to other tumor types, no genetic alteration
of TGF-β signaling molecules has been identified in melanoma [192]. Among different forms, TGF-β1
is secreted by normal melanocytes and melanomas at various stages, while TGF-β2 and TGF-β3 levels
rise early in melanoma and increase with tumor progression [193]. In addition, a correlation between
TGF-β2 expression and tumor thickness has been reported [194]. Although melanoma cells efficiently
respond to TGF-β at the receptor level, in contrast to normal melanocytes, melanoma cells display
various degree of desensitization to the growth inhibitory activity of TGF-β. Resistance to the growth
inhibitory activity of TGF-β has been explained by the frequent aberrant activation of MAPK pathway
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in melanoma that is capable to reprogram intracellular TGF-β cascade [192]. Similar to wound-healing
process, tumor-derived TGF-β is likely to recruit other stromal cells. It is well demonstrated that
transforming growth factor-β produced by tumor cells may promote tumor growth and advancement
by modifying the microenvironment [56]. Forced overexpression of TGF-β1 by melanoma cells activates
stromal fibroblasts, leading to augmented collagen, fibronectin, tenascin and α2 integrin expression.
In experimental mouse model, tumors generated by subcutaneous co-injection of fibroblasts with
melanoma cells demonstrated that TGF-β-overexpressing melanoma cells exhibit fewer necrotic and
apoptotic cells and form more lung metastases than control melanoma cells [22]. Thus, activation
of stromal fibroblasts by tumor-derived TGF-β provides an optimal microenvironment for tumor
progression and metastasis [56,64]. Autocrine loop based on TGF-β and stromal derived factor 1 (SDF-1)
is necessary for the consolidation of activated CAF phenotype [43,195]. Mechanical stress is the second
major factor for myofibroblasts activation [64,196]. Initial small changes in tissue stiffness occur during
the inflammatory response in tumor development and seem to be induced by increased collagen
production and crosslinking [197,198]. Secondarily, stiff ECM promotes myofibroblast phenotypic
conversion improving the efficiency of latent TGFβ1 activation [64]. Metastatic and primary melanoma
cell lines overexpress collagen VI and in vivo the level of this type of collagen positively correlates
to advanced stages [197,199]. Hyperactive TGF-β signaling associated to loss of caveolin-1 promotes
tumorigenesis by shifting fibroblasts toward catabolic metabolism, a mechanism that generates
energy-rich metabolites [43,200]. Another member of the TGF superfamily, Nodal, an embryonic
morphogen not expressed in healthy adult tissues, has been demonstrated highly present in MAFs
in vivo and in vitro [201,202]. Fibroblasts activated by Nodal, promote melanoma proliferation in vitro
and in xenograft tumor models. A recent study demonstrated that the extremely high level of TGF-β1
produced by melanoma cells and detected in patients’ sera is also capable to activate fibroblasts of
distant uninvolved skin [203]. This is of particular interest since recruitment of MAFs also supports the
generation of metastatic niche necessary for invasion of distant organs [204]. Based on this observation,
it is possible to extend, at least in advanced disease stage, the concept of melanoma microenvironment
on the entire body.

3.4. MAPK Signaling

The mitogen-activated protein kinase (MAPK) pathway activation is a critical player in the biology
of different types of cancer and is the most frequent pathway aberrantly activated in melanoma [205].
Up to 70% of melanomas exhibit activating mutations within the kinases BRAF gene [206–209] and
approximately 15% of melanomas within NRAS gene [210,211], resulting in constitutive and sustained
activation of downstream targets, RAS–MEK–ERK1/2 axis, in addition to unresponsive negative
feedback mechanisms [212]. In BRAF and NRAS mutated cells, MAPK cascade is turned on without
the need of ECM signaling or growth factors thereby allowing to proliferation, survival and cell
transformation [213]. However, by itself oncogenic BRAF is not sufficient for melanoma and must
cooperate with other processes to induce the fully cancerous state. In fact, BRAF is mutated in
up to 80% of the benign nevi [214]. Indeed, nevi remain growth-arrested for decades and rarely
progress into melanomas [215,216] presumably because aberrant BRAF signaling induces a robust
senescence response mediated by upregulation of the cell cycle inhibitor p16 [217–219]. Escape from
BRAF-induced senescence requires cooperation with other oncogenic process including additional
DNA damage, epigenetic mechanisms, loss of PTEN, activation of PI3K/AKT and mTOR signaling,
as well as metabolic reprogramming. In addition, microenvironmental mediators might directly
and indirectly influence MAPK pathway activity in melanocyte lineage. Nevus melanocytes secrete
several molecules belonging the SASP [220], a powerful autocrine/paracrine mechanism for the
maintenance of the senescent state. Although BRAF mutation and activation of the MAPK pathway
is important in nevogenesis, MAPK pathway activation do not appear to persist at high levels in
nevi after growth arrest [214–221]. However, due to the potent re-activation of MAPK pathway in
melanoma [222] selective BRAF inhibitors are used in the treatment of patients with BRAF-mutant
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advanced melanoma [223,224]. Unfortunately, patients frequently develop mutation-independent
resistance to this therapy. Acquired resistance is mostly driven by the secretory activity of TAMs and
MAFs [225–227].

Although TGF-β released locally from BRAF-inhibitor treated melanoma cells appeared to
constitute an important mechanism of fibroblast activation, there is also evidence that the introduction
of mutant BRAF into melanoma cells increases their secretion of interleukin (IL)-1α that causes
tumor-associated fibroblasts to induce immune suppression [228]. In fibroblasts, the expression
of mitogen-activated protein kinase kinase 1 (MAPKK1) is strongly induced by melanoma cells
secretome [75]. Several studies underlined the key role of fibroblast-derived cytokines in MAPK
inhibitor tolerance [225–229]. This effect is mostly due to the non-negligible direct effect of this class
of compound on BRAF wild type surrounding non-melanoma cells. BRAF inhibition might lead
to a paradoxical activation of MAPK in fibroblasts increasing the production of survival factor
as neuregulin (NRG) and HGF [229]. Further, as an indirect effect, MAPKi-treated melanoma
cells stimulate macrophages to produce IL-1β that in turn lead to the conversion of fibroblast
into a melanoma-protective phenotype [225]. In a very interesting study, Hirata and collaborators
demonstrated that BRAF inhibitors promote the formation of dense collagen fibrils and an overall
increased matrix deposition by MAFs that render BRAF-mutant melanoma cells insensitive to treatment.
Remodeled ECM leads to adhesion-dependent (integrin and focal adhesion-dependent) signaling to
ERK that negates the effect of BRAF inhibition in the melanoma cells. Histological examination of
melanoma sample from vemurafenib-resistant patients confirmed increased fibroblastic stroma and
stiffer matrix once resistance to BRAF inhibitors had developed [230].

4. Conclusions

A huge number of studies documented that the imbalance of cellular homeostasis during
melanomagenesis combines oncogenic transformation of melanocytes within altered tumor stroma.
Thus, from the therapeutic point of view, tumor and stroma might be considered a unique functional
unit. In melanoma, most of the targetable signal transduction pathways are correspondingly altered in
MAFs, suggesting that target therapies presumably deeply impact on microenvironment biological
behavior. Contextual modulation of oncogenic signal cascades in MAFs might arise from extrinsic
stimuli (e.g., preexisting chronic tissue damage), melanoma-induced activation and stimulation by
therapeutic pressure. On the other hand, in line with symmetric bi-directional cancer-fibroblast
crosstalk, the competition imposed by antitumor function of tumor microenvironment might elicit
activation of intracellular signaling in tumor cells exacerbating neoplastic phenotype. ECM remodeling
seems to play a central role in melanoma biology since the activation of important signal transduction
pathways involved in melanomagenesis are extremely sensible to mechanotransduction. This point of
view implies a shift of the therapeutic approach from the neoplastic cell-centric to a stroma-centric
consideration (Figure 2). Full characterization of CAFs might be considered part of the customization of
healthcare. As discussed in this review, molecules already used in clinical practice, such as MAPKi, or
which are in the preclinical study phase should be reevaluated considering the intercellular molecular
dialogue of neoplastic and non-neoplastic cells. In our opinion, the development of strategies able
to simultaneously target melanoma cells and MAFs represents an extraordinary opportunity in the
current setting of precision cancer medicine.
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Simple Summary: Metastasis formation and dissemination is a complex process that relies on several
steps. Even though highly inefficient, metastasis spreading is the primary cause of cancer morbidity
and mortality in patients. The aim of our study was to investigate the molecular pathways leading
to metastases making use of human-in-mouse melanoma models of patient-derived xenografts.
We demonstrate that the modulation of the expression of an adaptor protein of the Shc family, ShcD,
can change the phenotype and the invasive properties of melanoma cells when highly expressed.
We also show that ShcD binds DOCK4 and confines it into the cytoplasm, blocking the Rac1 signaling
pathways, thus leading to metastasis development. Moreover, our results indicate that melanoma
cells are more sensitive to therapeutic treatments when the ShcD molecular pathway is inactivated,
suggesting that new therapeutic strategies can be designed in melanomas.

Abstract: Metastases are the primary cause of cancer-related deaths. The underlying molecular and
biological mechanisms remain, however, elusive, thus preventing the design of specific therapies.
In melanomas, the metastatic process is influenced by the acquisition of metastasis-associated
mutational and epigenetic traits and the activation of metastatic-specific signaling pathways in the
primary melanoma. In the current study, we investigated the role of an adaptor protein of the Shc
family (ShcD) in the acquisition of metastatic properties by melanoma cells, exploiting our cohort
of patient-derived xenografts (PDXs). We provide evidence that the depletion of ShcD expression
increases a spread cell shape and the capability of melanoma cells to attach to the extracellular matrix
while its overexpression switches their morphology from elongated to rounded on 3D matrices,
enhances cells’ invasive phenotype, as observed on collagen gel, and favors metastasis formation
in vivo. ShcD overexpression sustains amoeboid movement in melanoma cells, by suppressing the
Rac1 signaling pathway through the confinement of DOCK4 in the cytoplasm. Inactivation of the
ShcD signaling pathway makes melanoma cells more sensitive to therapeutic treatments. Consistently,
ShcD expression predicts poor outcome in a cohort of 183 primary melanoma patients.

Cancers 2020, 12, 3366; doi:10.3390/cancers12113366 www.mdpi.com/journal/cancers121
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1. Introduction

Over the last decade, the worldwide incidence of cutaneous melanoma raised more rapidly than
that of any other cancer type [1]. Though early-stage melanoma is curable by surgical excision in most
cases, when tumor thickness increases, melanomas tend to spread and colonize other organs, leading
to dismal prognosis.

Melanoma metastatic dissemination is a complex process primarily involving the phenotypic
plasticity of melanoma cells, a process that includes adaptive modifications of gene expression, changes
of cell morphology, detachment from the extracellular matrix (ECM), loss of cell–cell contacts and
spreading [2,3]. Though the metastatic process is per se highly inefficient, in melanomas it is favored
by the high plasticity and strong motility of melanoma cells [3,4]

Depending on the matrix composition of the tumor microenvironment, migrating melanoma
cells can adopt two mutually exclusive phenotypes, corresponding to different modalities of motility,
either the so-called rounded (amoeboid) or the elongated (mesenchymal) phenotype, and can switch
between them [4,5]. Both phenotypes are driven by regulators of actin contractility belonging to the
Rho family of small GTPases [6,7]. The rapid, amoeboid motility is regulated by RhoA, and is based
on high actomyosin contractility enabling cells to squeeze through the matrix. It is characterized by
weak or no adhesion to ECM, with little or no proteolysis of the matrix, and is driven by membrane
blebs, actin-rich pseudopodia and/or highly contractile uropods [8–11]. On the contrary, elongated
movement, characterized by actin assembly, cell polarization and the digestion of an extracellular matrix
by proteases, is driven by Rac1 [6]. These two pathways show inhibitory effects on each other. Notably,
amoeboid movement is prominent at the invasive front of melanoma in animal models [6,12,13],
as well as in human melanoma lesions [7,13],suggesting that it may favor tumor invasion.

The switch between the amoeboid and elongated movements is based on the activation of
the small GTPases cycle [14]. In melanoma, it was previously shown that DOCK3, a Rac1-specific
guanine nucleotide exchange factor (GEF), is required for mesenchymal movement, whereas the Rac1
suppressor ARHGAP22 has an inhibitory effect. [12,14]. Another member of the DOCK GEF family,
DOCK10, drives the amoeboid motility of melanoma cells through the activation of Cdc42, another
Rho-family GEF [15]. DOCK4 expression has been previously linked to cell migration in vitro and to
the risk of developing bone metastasis in breast cancer patients [16–18] as well as correct axon guidance
in vivo during embryo development [17], thus suggesting a prominent role of DOCK4 in regulating
cell motility.

ShcD/Shc4/RaLP is a cytosolic protein belonging to the SHC adaptors family. During mouse
development, this plays a critical role in the transition from embryonic to epiblast stem cells; in the
adult it is expressed in the developing nervous system, heart, muscle and skin [19]. In humans, ShcD
expression is restricted to invasive and metastatic melanomas, and its silencing reduces cancer cell
migration [20]. ShcD phosphorylation on specific tyrosine residues by activated receptor tyrosine
kinases leads to the transient stimulation of MAPK signaling. MAPK activation by phosphorylated
ShcD, however, is not sufficient to support the migration of metastatic melanomas, suggesting that
ShcD activates other critical, MAPK-independent migratory pathways [20].

Here, we show that the modulation of ShcD protein levels affects the cell morphology and
invasiveness in melanoma patient-derived xenografts (PDXs) [21]. ShcD expressing cells detach
from ECM, acquire rounded morphology and invasive traits, as observed in in vitro assays on
collagen substrates invading collagen. Moreover, in three-dimensional (3D) assays, cells switch from
a mesenchymal to amoeboid phenotype. In vivo amoeboid ShcD overexpressing cells disseminate
to lymph nodes and seed distant metastases. Consistently, analyses of a large cohort of melanoma
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patients demonstrated that ShcD is a prognostic factor in melanoma. Notably, ShcD silencing sensitizes
BRAF-mutant melanoma cells to targeted therapy [22,23], suggesting that the regulation of ShcD
expression influences both the cell motility and drug sensitivity of melanoma cells.

2. Results

2.1. ShcD Impairs the Adhesive Properties of Melanoma Cells

Using metastatic melanoma cell lines (WM266-4 and IGR-37), we previously showed that
decreased ShcD expression reduces migration without interfering with cell proliferation in vitro [20].
We confirmed these data in PDX cells (MM27) by the lentiviral transduction of ShcD-targeting
shRNAs (shShcD#1 and shShcD#2 pooled together; ShShcD) or control (ShLuc) vectors (Figure S1A–C).
Since tumor cell migration involves modifications of cell- and stroma-interactions, we analyzed whether
ShcD regulated the adhesive properties of MM27 PDX cells. ShShcD and ShLuc cells were plated on
different extracellular matrices, including fibronectin, collagen and matrigel, and counted by Crystal
Violet at different time points after the extensive wash-out of floating cells. As shown in Figure 1A,
ShcD depletion significantly increased numbers of adherent cells to all tested matrices. To visualize the
morphology of ShShcD MM27 adherent cells, cell spreading was analyzed upon adhesion to fibronectin.
A higher percentage of spread cells was observed in ShShcD cells, as compared to control shLuc cells
(Figure 1B), indicating that ShcD silencing increases cell attachment and spreading capacities.

Cell spreading depends on the formation of focal adhesions (FA), multi-protein complexes that
serve to connect the cellular cytoskeleton with components of the extracellular matrix. We analyzed
FA formation by staining MM27 cells with antibodies against known components of the complex,
e.g., vinculin, paxillin and focal adhesion kinase (FAK) (Figure S1D) and their phosphorylated
counterparts (Figure 1C) [24]. After adhesion to fibronectin, we observed a significant increase in
the number and intensity of phospho-FA staining in ShcD knockdown cells (Figure 1C). Together,
these results demonstrate that ShcD impairs the ability of melanoma cells to adhere to extracellular
matrix components, through the modulation of FA formation, thus favoring cell migration.

2.2. ShcD Regulates Melanoma Cell Morphology and Sustains Amoeboid Movement of Melanoma Cells in
3D Matrix

The capacity of melanoma cells to switch to different morphologies can be visualized in vitro
by culturing cells in 3D matrix conditions. We first analyzed the morphology of MM27 PDX cells
overexpressing ShcD plated on thick collagen layers (Figure 2A). While control cells (PincoPuro
(PP)-vector) showed mixed morphologies when plated on thick collagen layers (65% rounded and
35% elongated) (Figure 2B), rounded cells raised to 87% in ShcD overexpressing cells (PP-ShcD),
suggesting that ShcD drives morphological changes in melanoma cells. Similar results were obtained
in WM115 and WM266.4 cells (Figure S2), two independent cell lines isolated, respectively, from the
primary and metastatic tumors of the same patient. Both cell lines were transduced with a control
vector (ShLuc), shShcD#1 and shShcD#2 vectors. The WM115 cell line consists mainly of rounded
cells (79%), while WM266.4 is composed of a mixed population of rounded and elongated cells, as
in the MM27 PDX. In WM115, ShcD silencing decreased the population of rounded cells to 27% for
shShcD#1 (p < 0.0001) and 48% for shShcD#2 (p < 0.0001) (Figure S2A). Similarly, in WM266.4, ShcD
silencing reduced rounded cells to 38% and 42% (p < 0.001) with shShcD#1 and shShcD#2, respectively.
Morphology of elongated cells within the two ShcD-interfered melanoma cell populations is shown in
Figure S2B.

We then investigated whether ShcD influences melanoma cell invasion using melanoma spheroids
embedded in collagen gel. As shown in Figure 2C, ShcD overexpression increased significantly
the invasive properties of MM27 cells, as compared to the control. Both control (PP) and ShcD
overexpressing cells (PP-ShcD) were capable of invading the matrix over time, but the PP-ShcD cells
resulted as significantly more invasive than the control cells at all time points (Figure 2C). Notably,
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time-lapse analyses showed that invasive PP-ShcD cells move faster than the controls (Figure 2D,
Movie S1).

Melanoma cells invade the surrounding tissue either collectively or as single-cells [25]. When tumor
cells detach from ECM, they start invading the surrounding tissue as single cells and switch to
rounded/amoeboid movement [25]. The amoeboid phenotype allows cells to rapidly move out
of the tumor: indeed, amoeboid cells are found at the invasive fronts of primary tumors close
to tumor-associated macrophages and vessels [26]. We therefore analyzed the invasive front of
melanoma spheroids in 3D assays. The invasion of control (PP) and ShcD overexpressing (PP-ShcD)
collagen-embedded PDX cells were visualized by time-lapse for 24 h. We observed significantly
increased numbers of amoeboid cells among the ShcD overexpressing cells (Figure 2E, Movie S1).

These data indicate that ShcD expression favors the rounded morphology of melanoma cells
on thick collagen layers, adhesion, migration and invasion in vitro, suggesting that ShcD is a critical
determinant of the plasticity and migratory movement of melanoma cells.
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Figure 1. ShcD depletion modifies the adhesive phenotype of melanoma cells. (A) ShLuc and ShShcD
(pool of ShShcD#1 and #2) MM27 cells’ adhesion to different extracellular matrices (fibronectin, collagen,
matrigel). Cells were detected by Crystal Violet staining. Adhesion rate is calculated as the ratio
of relative numbers of adherent cells in shShcD vs. shLuc. Five images per well were acquired in
duplicate experiments. Student t-test (***, p < 0.001; **, p < 0.01, ****, p < 0.0001) was applied to
assess the significance. Representative images are shown (20×). (B) ShLuc and ShShcD MM27 cells
spreading evaluation on fibronectin. Cells were stained with Crystal Violet. Images were quantified
with ImageJ software. Data are shown as the mean±SD of 3 fields of 3 different cover slips. Student t-test
(**, p < 0.01). (C) ShLuc and ShShcD MM27 cells’ focal adhesion analysis by immunofluorescence. Cells
were treated as in (B) and the protein expression of p-vinculin, p-paxillin and p-FAK (red) was detected.
Nuclei were counterstained with DAPI (blue). Representative images are shown (63×magnification).
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Figure 2. ShcD overexpression increases the invasion and amoeboid movement of melanoma cells.
(A) ShcD overexpression was estimated by immunoblot analysis in MM27 cells transduced to
overexpress ShcD (PincoPuro (PP)-ShcD) or a neutral control (PP, empty vector). Vinculin was
used as a loading control. (B) PP/PP-ShcD MM27 cell morphology assessment. Cells were plated on a
thick collagen layer and the percentage of elongated/rounded cells was calculated after 24 h. Three
images per well were acquired in triplicate experiments. Student t-test (***, p < 0.001). (C) Spheroid
collagen invasion assay in PP and PP-ShcD MM27 cells. The area of invasion was monitored by
time-lapse microscopy for 24 h. Data are shown as the mean ±SD of 10 different spheroids per group.
Student t-test (*, p < 0.05; **, p < 0.01). Representative images are shown. (D) Spheroid invasion speed in
PP and PP-ShcD MM27 cells at the front of invasion. Cell speed was analyzed with the manual tracking
plugin of the ImageJ software. Data are shown as the mean ±SD of 2 different cells of 5 spheroids
per group. Student t-test (***, p < 0.0001). (E) Assessment of cell shape at the front of invasion in
PP and PP-ShcD MM27 cells. Cell shape was analyzed and quantified by scanning 2 high-power
fields of 5 spheroids per sample using ImageJ software. Student t-test (**, p < 0.01; ****, p < 0.0001).
Representative images are shown.

2.3. ShcD Is Crucial for Metastasis Dissemination

To investigate the potential of ShcD in promoting metastasis formation in vivo, MM13 and MM27
PDXs were chosen as representatives of melanoma subtypes with invasive or proliferative phenotypes,
respectively [21]. MM13 PDX carries the NRAS mutation and displays a more invasive phenotype,
with high levels of AXL, PDGF-Rβ, EGFR and EPHA2 proteins and very low levels of MITF, Brn2 and
SOX10. MM27, instead, harbors the mutated BRAF gene and expresses MITF, BRN2 and SOX10,
thus suggesting a proliferative phenotype [27] (Figure 3A). The retroviral transduction of MM13
and MM27 PDX cells with the PP-ShcD vector allowed for high levels of ShcD expression in both
PDXs, as compared to the PP-vector transduced cells (Figure 3B). Analyses of the migratory potential
of SchD overexpressing MM13 and MM27 cells showed increased migratory capability (Figure 3C).
To investigate the metastatic potential of ShcD overexpressing cells, transduced cells were injected
into the back dermis of five NSG mice and the tumors were surgically removed to prolong animal
survival and allow for metastasis detection. Under these experimental conditions, we showed that
MM13 and MM27 can metastasize to different organs (including lymph nodes, lung, liver and spleen)
(Figure 3C–H). Mean latency to a volume of the primary tumor of 0.35–0.5 cm3 was similar in the two
PDXs, ranging from 21 to 25 days (MM27 and MM13, respectively), with no statistically significant
difference with the control PP-vector tumors (Figure 3D). At early time points, after the surgical
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resection of the primary tumor (approx. 1 month), both PP and PP-ShcD mice developed metastases
at lymph nodes, with comparable frequencies (4/5 vs. 5/5 in the MM13 group; 2/2 vs. 2/2 in the
MM27 group). However, the size of the metastatic lymph nodes was significantly enlarged in the
MM13 PP-ShcD mice (~4–5 folds; Figure 3E, upper panel; p < 0.0001). A similar trend was observed in
MM27 (~3–4 folds; Figure 3E, lower panel), though the small number of mice developing metastases
did not enable a statistical representation.

Cancers 2020, 12, x FOR PEER REVIEW 6 of 24 

 

was observed in MM27 (~3–4 folds; Figure 3E, lower panel), though the small number of mice 
developing metastases did not enable a statistical representation. 

 
Figure 3. ShcD overexpression promotes metastasis formation at lymph nodes and distant sites. (A) 
Phenotype characterization of MM27 and MM13 patient-derived xenografts (PDXs) cells by Western 
blotting. Immunoblots show the protein expression of invasive markers (AXL, PDGFR-β, EGFR, 
EPHA2) and proliferative markers (SOX10, MITF, BRN2). Vinculin and GAPDH were used as loading 
controls. (B) The assessment of ShcD overexpression in MM27 and MM13 PDX cells by Western blot 
analysis, before mice transplantation. MM27 and MM13 PDX cells were transduced to overexpress 
ShcD (PP-ShcD) or a neutral control (PP, empty vector). Vinculin was used as a loading control. (C) 
Transwell migration assay in PP/PP-ShcD MM13 and MM27 cells, at the 48 h time point. Relative 
migration (mean ± SD) is expressed as a ratio of PP-ShcD vs. PP cell migration values (calculated with 
ImageJ). Student t-test (*, p < 0.05). (D–H) In vivo metastatic potential of PP and PP-ShcD MM13 and 
MM27 cells. Transduced cells were intradermally injected in NSG mice (D-E n = 5 per group; F–G-H 
MM13 n = 8 per group) and the tumors were surgically resected. The early time point evaluation of 
metastatic dissemination (MM13, MM27): (D) tumor volumes at resection. Student t-test (not 
significant, n.s.). (E) Lymph nodes (LNs) volumes at mouse sacrifice. MM13 PP, n = 4; PP-ShcD, n = 5; 
MM13 PP, n = 2; PP-ShcD, n = 2. Student t-test (***, p < 0.0001). Late time point evaluation of metastatic 
dissemination (MM13): F) metastatic organs evaluation of MM13 PP and PP-ShcD injected mice. “X” 
indicates presence of metastatic foci in the reported organs (n = 7). (G) Lymph nodes’ (LNs) volumes 
at mouse sacrifice. MM13 PP, n = 2; PP-ShcD, n = 4. Student t-test (*, p < 0.05). (H) Number of 
metastatic organs (LNs and distant metastasis) per mouse in PP and PP-ShcD MM13 injected mice. 
PP, n = 7; PP-ShcD, n = 16. Student t-test (*, p < 0.05). 

We then investigated whether ShcD overexpression led to metastasis formation at distant 
organs, by observing the animals up to 2 months from the resection of the primary tumor and using 
MM13 as model. As shown in Figure 3F, lymph nodes, lung, liver and spleen were colonized by PDX 
cells. At 2 months, the size of the metastatic lymph nodes was significantly enlarged in the MM13 PP-

A

B

C D E

ShcD

Vinculin

PP-ShcD
MM27 MM13

M
M

13

n =4

***

PP   PP-ShcD

LN
 V

ol
um

e 
(c

m
3 )

M
M

27

n =2

n =2

PP   PP-ShcD

LN
 V

ol
um

e 
(c

m
3 )

M
M

13

PP   PP-ShcD

Tu
m

or
Vo

lu
m

e 
(c

m3
)

M
M

13

PP   PP-ShcD

Re
la

tiv
e 

M
ig

ra
tio

n
M

M
27

PP   PP-ShcD

Re
la

tiv
e M

ig
ra

tio
n

M
M

27

PP   PP-ShcD

Tu
m

or
Vo

lu
m

e (
cm

3 )

n =5AXL

SOX10

EGFR

EPHA2

BRN2

MITF

PDGF-Rβ

GAPDH

MM13
MM27

Vinculin

GF
*

PP   PP-ShcD

LN
 V

ol
um

e 
(c

m
3 )

H

PP      PP-ShcD

N
of

 m
et

as
ta

tic
or

ga
ns

/ m
ou

se
Mice LN Lung Liver Spleen
1 X
2
3 X X
4 X
5 X X
6
7 X

PP
Mice LN Lung Liver Spleen
1 X
2 X X X
3 X X X
4 X X X X
5 X X
6 X
7 X X

PP-ShcD

*

*

*

n =5 n =5

n =5

n =5

n =2

n =4

ns

ns

- +- +

Figure 3. ShcD overexpression promotes metastasis formation at lymph nodes and distant sites.
(A) Phenotype characterization of MM27 and MM13 patient-derived xenografts (PDXs) cells by Western
blotting. Immunoblots show the protein expression of invasive markers (AXL, PDGFR-β, EGFR,
EPHA2) and proliferative markers (SOX10, MITF, BRN2). Vinculin and GAPDH were used as loading
controls. (B) The assessment of ShcD overexpression in MM27 and MM13 PDX cells by Western blot
analysis, before mice transplantation. MM27 and MM13 PDX cells were transduced to overexpress ShcD
(PP-ShcD) or a neutral control (PP, empty vector). Vinculin was used as a loading control. (C) Transwell
migration assay in PP/PP-ShcD MM13 and MM27 cells, at the 48 h time point. Relative migration
(mean ± SD) is expressed as a ratio of PP-ShcD vs. PP cell migration values (calculated with ImageJ).
Student t-test (*, p < 0.05). (D–H) In vivo metastatic potential of PP and PP-ShcD MM13 and MM27
cells. Transduced cells were intradermally injected in NSG mice (D–E n = 5 per group; F–H MM13
n = 8 per group) and the tumors were surgically resected. The early time point evaluation of metastatic
dissemination (MM13, MM27): (D) tumor volumes at resection. Student t-test (not significant, n.s.).
(E) Lymph nodes (LNs) volumes at mouse sacrifice. MM13 PP, n = 4; PP-ShcD, n = 5; MM13 PP, n = 2;
PP-ShcD, n = 2. Student t-test (***, p < 0.0001). Late time point evaluation of metastatic dissemination
(MM13): F) metastatic organs evaluation of MM13 PP and PP-ShcD injected mice. “X” indicates
presence of metastatic foci in the reported organs (n = 7). (G) Lymph nodes’ (LNs) volumes at mouse
sacrifice. MM13 PP, n = 2; PP-ShcD, n = 4. Student t-test (*, p < 0.05). (H) Number of metastatic organs
(LNs and distant metastasis) per mouse in PP and PP-ShcD MM13 injected mice. PP, n = 7; PP-ShcD,
n = 16. Student t-test (*, p < 0.05).
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We then investigated whether ShcD overexpression led to metastasis formation at distant organs,
by observing the animals up to 2 months from the resection of the primary tumor and using MM13
as model. As shown in Figure 3F, lymph nodes, lung, liver and spleen were colonized by PDX cells.
At 2 months, the size of the metastatic lymph nodes was significantly enlarged in the MM13 PP-ShcD
mice, similar to what we had previously observed at earlier time points (Figure 3G). Most notably, the
numbers of metastatic events, regardless of the specific sites, were markedly higher in PP-ShcD mice,
as compared to the controls (seven independent metastatic events in the seven control mice; 16 in the
seven PP-ShcD mice; p = 0.0298) (Figure 3H). Thus, ShcD may activate molecular pathways that are
crucial for the metastasization of melanoma cells.

2.4. ShcD Expression Correlates with Melanoma Progression and Patient Outcome in Melanoma Patients

We sought to interrogate how the ShcD RNA transcript is regulated in a cohort of primary and
metastatic melanomas. A total of 256 archival paraffin-embedded melanoma patients were included in
the study, 183 patients carrying primary melanomas and 94 melanoma metastatic tissues (Table 1).
We could retrieve matched primary and metastatic samples from 21 patients. The ShcD positive rate
was significantly higher in the metastatic tissue than in primary melanoma (54% and 34% for primary
and metastatic tissues, respectively; p = 0.0003), as previously shown in a small cohort of patients [20].

Demographics, as well as the clinical and histo-pathologic features of the melanoma patients
and follow-up events are listed in Table 1. The ShcD RNA transcript showed statistically significant
associations with all the main prognostic factors. ShcD-positive melanomas were significantly thicker
(Breslow’s thickness >4 mm was 35% among ShcD-positive vs. 8% among ShcD-negative; p < 0.0001
overall), with more frequent ulceration (51% among ShcD-positive vs. 12% among ShcD-negative;
p < 0.0001), with a greater number of mitotic events (94% among ShcD-positive vs. 46% among
ShcD-negative patients; p < 0.0001) and they were more often nodular melanomas (46% in ShcD-positive
vs. 20% in ShcD-negative; p = 0.001). ShcD expression was also associated with the stage (p = 0.0004)
and lymph nodes status (p = 0.02): the majority of advanced stage patients were ShcD-positive (30% in
stage III and IV vs. 15%, p = 0.0004), and the frequency of positive lymph nodes was significantly greater
in the positive (28%) rather than negative (14%) ShcD expressing patients (p = 0.02). Multivariate
logistic models, adjusted for confounders, confirmed these associations. These findings strengthen the
association of ShcD expression with the increased aggressiveness of the tumor.

Overall, with a median follow-up of 100 months, 35% of the patients within our cohort of primary
melanoma patients died, and we found a significant worse overall survival (log-rank p = 0.05) among
the ShcD-positive as compared to the ShcD-negative patients: at two years, we had 52% vs. 72%
probability of survival, respectively (Figure 4A). Disease-free survival at two years was also significantly
worse (66%) in ShcD positive than in ShcD-negative patients (78%; log-rank test p = 0.04, Figure 4B;
stage IV patients were not included in this analysis). The Cox regression model, adjusted for age and
gender, indicated a trend toward a significant association of ShcD expression with disease-free survival
(p = 0.08).

ShcD expression was then evaluated in metastatic melanoma tissue in 94 patients (Table 1).
The analysis of the prognostic factors in the antecedent melanoma showed no significant association
with ShcD expression. Of note, ShcD-positive patients were younger than the ShcD-negative (median
age at diagnosis 45 vs. 50; p = 0.02), more frequently carrying ulcerated melanomas (p = 0.04). In these
patients, ShcD expression is associated with significantly more distant metastases (p = 0.01), suggesting
that ShcD might predict for metastasis dissemination.

Comparison between the evaluation of ShcD in primary and metastatic tissues confirms the
hypothesis that ShcD is a prognostic marker, even if probably not independent from other prognostic
markers, and that it is associated with an unfavorable outcome in melanoma patients.
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Figure 4. ShcD expression correlates with melanoma progression and poor prognosis in melanoma 
patients. (A) ShcD-positive patients show a significant worse overall survival than the ShcD-negative 
patients (log-rank p = 0.05). (B) Disease-free survival at two years is significantly worse (66%) in ShcD-
positive patients than in ShcD-negative patients (78%; log-rank test p = 0.04, stage IV patients not 
included in the analysis). 

ShcD expression was then evaluated in metastatic melanoma tissue in 94 patients (Table 1). The 
analysis of the prognostic factors in the antecedent melanoma showed no significant association with 
ShcD expression. Of note, ShcD-positive patients were younger than the ShcD-negative (median age 
at diagnosis 45 vs. 50; p = 0.02), more frequently carrying ulcerated melanomas (p = 0.04). In these 
patients, ShcD expression is associated with significantly more distant metastases (p = 0.01), 
suggesting that ShcD might predict for metastasis dissemination. 

Comparison between the evaluation of ShcD in primary and metastatic tissues confirms the 
hypothesis that ShcD is a prognostic marker, even if probably not independent from other prognostic 
markers, and that it is associated with an unfavorable outcome in melanoma patients. 

2.5. Rac1 Molecular Pathway Is Altered in ShcD Expressing Melanoma Cells 

The metastatic process is mainly driven by aberrant cell migration, which relies on specific actin 
cytoskeleton dynamics and cell phenotypes activated by microenvironmental signals. In melanoma, 
the elongated/mesenchymal phenotype of cells is driven by activated Rac1 [6]. As shown in Figure 
S2A, ShcD silencing switches the morphology of WM115 cells from rounded to elongated. To 
investigate whether the elongated phenotype of ShcD-depleted cells depends on Rac1, we either 
treated WM115 cells with the NSC23766 Rac1 specific-inhibitor [28] or we silenced Rac1 by means of 
Rac1 SmartPool siRNA (Figure S2B). As expected, NSC23766-treated control WM115 cells or Rac1-
silenced cells showed significantly increased numbers of rounded cells (p < 0.01) (Figure 5A,B). 
Notably, NSC23766 treatment rescued the rounded morphology of ShcD-silenced cells (from 28% to 
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Figure 4. ShcD expression correlates with melanoma progression and poor prognosis in melanoma
patients. (A) ShcD-positive patients show a significant worse overall survival than the ShcD-negative
patients (log-rank p = 0.05). (B) Disease-free survival at two years is significantly worse (66%) in
ShcD-positive patients than in ShcD-negative patients (78%; log-rank test p = 0.04, stage IV patients not
included in the analysis).

2.5. Rac1 Molecular Pathway Is Altered in ShcD Expressing Melanoma Cells

The metastatic process is mainly driven by aberrant cell migration, which relies on specific actin
cytoskeleton dynamics and cell phenotypes activated by microenvironmental signals. In melanoma,
the elongated/mesenchymal phenotype of cells is driven by activated Rac1 [6]. As shown in Figure S2A,
ShcD silencing switches the morphology of WM115 cells from rounded to elongated. To investigate
whether the elongated phenotype of ShcD-depleted cells depends on Rac1, we either treated WM115
cells with the NSC23766 Rac1 specific-inhibitor [28] or we silenced Rac1 by means of Rac1 SmartPool
siRNA (Figure S2B). As expected, NSC23766-treated control WM115 cells or Rac1-silenced cells showed
significantly increased numbers of rounded cells (p < 0.01) (Figure 5A,B). Notably, NSC23766 treatment
rescued the rounded morphology of ShcD-silenced cells (from 28% to 61% for shShcD#1 and from
46% to 75% for shShcD#2 (Figure 5A)), demonstrating that cell elongation after ShcD knockdown is
Rac1-dependent and suggesting that ShcD acts as a suppressor of the Rac1 pathway.

We therefore investigated whether the downregulation of ShcD leads to Rac1 activation. Pull-down
assays of Rac1-GTP in WM115 cells upon adhesion to fibronectin showed higher levels of Rac1-GTP
in ShcD knockdown cells, as compared to controls (Figure 5C). Consistently, the phosphorylation
levels of N-WASP and Cofilin, two Rac1 downstream effectors [29], were markedly increased in ShcD
downregulated cells (Figure 5D), demonstrating that ShcD silencing leads to an increased activation of
the Rac1 signaling pathway.
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We therefore investigated whether the downregulation of ShcD leads to Rac1 activation. Pull-
down assays of Rac1-GTP in WM115 cells upon adhesion to fibronectin showed higher levels of Rac1-
GTP in ShcD knockdown cells, as compared to controls (Figure 5C). Consistently, the 
phosphorylation levels of N-WASP and Cofilin, two Rac1 downstream effectors [29], were markedly 
increased in ShcD downregulated cells (Figure 5D), demonstrating that ShcD silencing leads to an 
increased activation of the Rac1 signaling pathway. 
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Figure 5. ShcD-silencing cells show a deregulated Rac1 molecular pathway. (A) shLuc and shShcD
WM115 cells morphology assessment upon Rac1 inhibitor treatment (NSC23766). Cells were transduced
with shLuc, shShcD#1 and shShcD#2, plated on a thick collagen layer and treated with either vehicle
(CTR, control, DMSO) or 50 µM NSC23766. After 24 h treatment, the percentage of elongated/rounded
cells was calculated. Three images per well were acquired in triplicate experiments. Student t-test
(***, p < 0.001; ****, p < 0.0001). (B) MM27 cells morphology assessment upon Rac1 silencing. Cells
were infected with shLuc and shShcD (pool of shShcD#1 and #2) or transfected with the non-targeting
and Rac1 SmartPool siRNA and after 48 h plated on a thick collagen layer. After 24 h, the percentage of
elongated/rounded cells was calculated. Three images per well were acquired in triplicate experiments.
Student t-test (****, p < 0.0001). (C) Rac1 activation assay in shLuc and shShcD WM115 cells. Rac1 activity
was assayed by GTP-bound Rac1 pulled-down and analyzed by Western blotting. WM115 cells were
transduced with shLuc, shShcD#1 and shShcD#2 and plated on fibronectin. Rac1 indicates active Rac1
in the pull-down assay, and Total Rac1 represents the total amount of Rac1 in the cell lysates (input).
Actin was used as a loading control. (D) Rac1 pathway regulation upon ShcD silencing in WM115
cells. WM115 cells were transduced with shLuc, shShcD#1 and shShcD#2 and plated on fibronectin.
The Rac1 molecular pathway was investigated at the protein level by Western blotting in ShcD-depleted
WM115 cells. Both the phosphorylation status of N-WASP (P-Tyr256) and Cofilin (P-Ser3) and their
total expression levels were detected and ShcD silencing was also checked. Actin was used as a loading
control. The quantification of two experiments was performed with ImageJ normalizing for the total
protein level and house-keeping gene. Student t-test (*, p < 0.05; **, p < 0.01).

2.6. ShcD Negatively Regulates Rac1 Activation by Preventing Its Binding to DOCK4

Rac1 is activated by different upstream regulators, including DOCK4, a guanine nucleotide
exchange factor (GEF) GTPase that promotes Rac-dependent cell migration [18]. To investigate its
relationship with ShcD, we assessed the presence of ShcD and DOCK4 in the same protein complex,
using ShcD overexpressing MM27 PDX cells. As shown in Figure 6A, ShcD protein was detected in the
DOCK4 immuno-precipitate. These data were also confirmed in ShcD overexpressing WM115 cells
(Figure S3A).
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Figure 6. Rac1 molecular pathway is altered in ShcD expressing melanoma cells via DOCK4.
(A) DOCK4 immunoprecipitation in ShcD overexpressing MM27 cells. Cell lysates of PP-ShcD
MM27 cells were immunoprecipitated (IP) with anti-DOCK4 antibody or anti-IgG antibody and
subsequently immunoblotted with anti-ShcD antibody. Expression of vinculin was used as a loading
control in total cell lysates (input). (B) DOCK4 localization in shLuc and shShcD MM27 cells. Cells
were plated on fibronectin and co-stained for DOCK4 and CD146 plasma membrane marker by
immunofluorescence (red). Nuclei were counterstained with DAPI (blue). Representative images are
shown (63×magnification). Quantification was done using ImageJ and the DOCK4 plasma membrane
signal was normalized to the total fluorescence. Student t-test (***, p < 0.001). (C) The analysis of cell
morphology in DOCK4 siRNA and ShShcD-silenced MM27 cells. DOCK4-silenced cells and their
controls together with ShLuc and ShShcD cells were plated on a thick layer of collagen and rounded
vs. the elongated morphology assessed after 24 h. The percentage of elongated/rounded cells was
calculated. Three images per well were acquired in triplicate experiments. Student t-test (**, p < 0.01).

Based on the demonstrated ShcD–DOCK4 interaction and the role of DOCK4 in mediating
Rac1 activation, we hypothesized that ShcD may negatively regulate Rac1 activation by preventing
its binding to DOCK4. To test this hypothesis, we analyzed DOCK4 localization in the control
and ShcD-silenced MM27 and WM115 cells after adhesion to fibronectin by immunofluorescence.
In shLuc control cells, DOCK4 was found in the cytoplasm, while in ShShcD cells, DOCK4 was also
partly localized at the plasma membrane (Figure S3B,C). To precisely quantify the percentage of
DOCK4 confined at the plasma membrane, the control and ShcD-silenced MM27 were co-stained with
DOCK4 and CD146, a known cell adhesion molecule present on the plasma membrane of melanoma
cells (Figure 6B). All together, these results suggest that when ShcD is overexpressed, it sequesters
DOCK4 in the cytoplasm, thus blocking its recruitment to the plasma-membrane where it would
activate Rac1. To strengthen the molecular value of our model, we silenced DOCK4 in MM27 cells
using SmartPool siRNA. Once the silencing was confirmed by Western blot (Figure S3D), we plated
the DOCK4-silenced, control, and ShcD-silenced cells on collagen and we evaluated the effect of
the silencing on cell morphology (Figure 6C). DOCK4-silenced cells recapitulated the elongated
morphology of ShcD-silenced cells confirming the ShcD role in melanoma cell invasiveness through
DOCK4 regulation.
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2.7. ShcD Contributes to Resistance of Melanoma Cells to Treatment

Highly invasive cells are frequently resistant to standard care therapy. To investigate whether
ShcD expression modulates the drug sensitivity of melanoma cells, MM27 PDX cells, carrying the
BRAFV600E mutation, were transduced with ShLuc and ShShcD vectors and treated with Dabrafenib
(BRAF inhibitor), Trametinib (MEK inhibitor) or Everolimus (mTOR inhibitor). Analyses of cell viability
at three different doses of the three drugs showed no difference between the control and ShcD-silenced
cells (Figure 7A). We then analyzed the effects on the migration of sub-apoptotic doses of each of the
three drugs. As expected, the reduction in ShcD protein levels lowered the migration rate in untreated
cells (Figure S1). The rate of migration was significantly affected by all three drugs in the control cells
and to a similar extent, also in ShcD-silenced cells (Figure 7B). Finally, we tested the effects on the
migration of combinations of Dabrafenib, Trametinib and Everolimus. Treatment with the combination
of Dabrafenib and Trametinib (Dab/Trame; a standard treatment in BRAF-mutant melanomas) had no
effect on the migration of ShShcD cells compared to the control cells, showing that the drug response
to the inhibition of the BRAF/MEK pathway is not influenced by the depletion of ShcD. Notably,
treatment with the combination of Dabrafenib and Everolimus (Dab/Eve; a new combination therapy
used to bypass the induction of resistance to BRAF inhibitors, [30]) significantly reduced the migration
of ShShcD MM27 cells, as compared to the ShLuc control cells (Figure 7B). This indicates that the ShcD
depletion increases the drug sensitivity of melanoma cells to this combination. All together, these data
suggest that ShcD affects intracellular pathways that can, in turn, sensitize melanoma cells to new
combination therapies.Cancers 2020, 12, x FOR PEER REVIEW 15 of 24 
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Figure 7. ShcD silencing sensitizes melanoma cells to targeted therapy combination. (A) ShLuc
and ShShcD MM27 cell viability upon treatment with Dabrafenib (BRAF inhibitor), Trametinib
(MEK inhibitor) and Everolimus (mTOR inhibitor). Cells were treated for 72 h and cell viability was
assessed by CyQuant. The inhibition of viability is indicated as a percent over control (GraphPad Prism
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software). Student t-test (not statistically significant). (B) Transwell migration assay upon specific
targeted therapy in ShLuc and ShShcD MM27 cells. Cells were plated in the upper chamber
in a serum-free medium with Dabrafenib (2.5 nM), Trametinib (0.5 nM), Everolimus (2.5 µM),
Dabrafenib/Trametinib and Dabrafenib/Everolimus combinations (same doses used for the single
drug testing) or vehicle (CTR, DMSO). Complete medium was added to the lower chamber. After 48 h,
the cells were stained with Crystal Violet and the migration rate was quantified using ImageJ. Histograms
represent the relative cell migration (mean ± SD) of a triplicate experiment, normalized to ShLuc as the
control. Differences among the groups were calculated by applying the Student t-test, using migration
rate values normalized to the CTR of the corresponding group (*, p < 0.05; ***, p < 0.001; **, p < 0.01).

3. Discussion

Melanoma cells are characterized by a high propensity to migrate and metastasize, which is
probably linked to the embryologic derivation of its cell of origin. Cutaneous melanoma is derived from
melanocytes, which originate from the neural crest. During development, cells exiting from the neural
crest undergo morphological changes accompanied by altered adhesion, increased migratory capacity
and spreading throughout the embryo before they reach target tissues and differentiate. The process of
melanoma migration and spreading is associated with the intrinsic properties of neural crest-derived
melanocytes and is tightly regulated by the surrounding environment. Notably, metastatic melanoma
cells can be reprogrammed to neural crest-like cells by the embryonic microenvironment [31]. Moreover,
during the invasion of the epidermal/dermal layer of the skin, melanoma cells go through an EMT-like
program and at least partially exploit the same migratory transcriptional program used by neural crest
cells during the development to colonize the skin [32]. Most notably, ShcD is expressed in neural crest
cells [33] and melanoblasts [34], thus suggesting that it represents a lineage-specific factor critical for
the migration of melanocyte precursors, whose expression and function can be reacquired by invasive
melanoma cells.

We previously showed that ShcD positively regulates melanoma cell migration in the 2D cultures
of melanoma cell lines [19]. Here, firstly, we showed that PDX models, which more faithfully phenocopy
patients’ biological features, recapitulate the ShcD migratory function formerly documented in cell
lines (Figure S1). Furthermore, we extended our analyses and demonstrated that ShcD silencing
increased the capability of melanoma cells to adhere to different extracellular matrices, suggesting that
ShcD expression favors the detachment of melanoma cells from the surrounding microenvironment,
thus favoring dissemination (Figure 1).

During the last decade, the invasive properties of melanoma cells have been extensively studied
using 3D model systems, which better mimic the tumor environment, as compared to the traditional
2D cell cultures. Most notably, our 3D approach showed that invasive melanoma cells are featured
by high plasticity, with cells capable of modulating either RhoA or Rac1 small GTPases and thus
adopting two alternative modes of invasion: amoeboid (rounded) or mesenchymal (elongated),
respectively [6,8]. Interestingly, the MITF expression in the WM266.4 melanoma cell line increased
the numbers of elongated cells and decreased their invasiveness, while MITF silencing in 501Mel
cells induced rounded morphology, consistently with the capacity of MITF to negatively regulate the
invasive phenotype of melanoma cells [35]. Consistently, MITF has been reported to downregulate
ShcD expression by directly binding to at least five sites of the genomic locus [36], suggesting that
the MITF/ShcD axis is a critical regulator of invasiveness phenotypes of melanoma cells. Notably,
ShcD overexpression increased the invasion properties of melanoma cells in 3D assays (Figure 2).
Since adhesion, in vitro migration and invasion are all pivotal steps in metastasis formation in vivo,
we analyzed the metastatic properties of ShcD overexpressing cells in two different PDX models
and showed that ShcD endowed melanoma cells with high metastatic potential (Figure 3). Notably,
the metastatic tumor burden was increased by ShcD, as lymph nodes display a larger volume and a
higher number of distant metastases is detected throughout the body of the animal. The metastatic
tumor burden is significantly associated with the clinical response and outcomes in melanoma
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patients [37]. Not surprisingly, we showed that high ShcD expression is associated with a poor outcome
in a cohort of melanoma patients (Figure 4).

The mechanisms regulating the different modalities of cell motility involve several signaling
pathways. RhoA signaling activates ARHGAP22 Rho-GAP, which keeps Rac1 in an inactive state
leading to high actomyosin contractility [6]. On the other hand, RhoA signaling is inhibited by
WAVE2, which is activated by Rac1 [6]. Consistently, cells that adopt the mesenchymal mode of
motility are characterized by the high activity of Rac1 [6]. The treatment of ShcD-knockdown cells
with the selective Rac1 inhibitor NSC23766, as well as the silencing of Rac1, rescued the rounded
phenotype of melanoma cells (Figure 5A,B), indicating that ShcD actively inhibits Rac1, inducing the
rounded morphology of melanoma cells. In fact, ShcD-silenced cells showed increased Rac1 activation
and elongated morphology. Based on these results, we hypothesized that ShcD inhibited the Rac1
signaling pathway, enabling active RhoA to guide amoeboid motility. Indeed, Rac1 inhibition in
ShcD-knockdown cells reverted them to an amoeboid phenotype, suggesting that RhoA was active
and did not need ShcD to execute its functions. We investigated the mechanism through which ShcD
blocks Rac1 activation and we showed that ShcD formed a stable complex with DOCK4 (Figure 6A),
a protein belonging to the DOCK180-related family of guanine nucleotide exchange factors (GEFs),
whose function was already linked to cell invasion [16]. All Shc family members are equipped with
different domains (CH2, PTB, CH1 and SH2) that enable them to recruit different signaling molecules
to properly convey and organize the extracellular signals and that, at the same time, allow them
to translate signals into specific biological responses [38]. ShcD differs from the other members of
the family being selectively expressed in the neuronal-derived tissues only [38]. The specificity of
expression suggests that ShcD drives crucial functions in these cells. Here, we demonstrate for the first
time a direct binding of ShcD with the guanine nucleotide exchange factor DOCK4 and we show that
after ShcD silencing, DOCK4 is recruited to the plasma membrane during cell adhesion to fibronectin
(Figure 6B). In the same experimental conditions, Rac1 was highly activated. Conversely, in the
presence of ShcD, the translocation of DOCK4 to the membrane did not occur and Rac1 was less active
than in the ShcD knockdown cells. The recruitment of DOCKs to the membrane was previously shown
to be an important step in the activation of Rac1 after the adhesion of epithelial cells to fibronectin or
stimulation with growth factors [39,40]. Our results suggest that in our model system, ShcD prevents
Rac1 activation by blocking DOCK4 recruitment to the plasma membrane (by a not yet identified
mechanism). This would be an additional mechanism to keep the RhoA signaling pathway activated
and promote amoeboid motility.

Having shown that ShcD overexpressing cells migrate and invade the surrounding tissue and
metastasize to lymph nodes and distant organs, we sought to investigate whether ShcD depletion
correlates with an increased sensitivity to targeted therapy. To this end, we used a BRAF-mutated
melanoma (MM27). In patients, these melanomas are mostly treated with combination therapy based
on the use of BRAF/MEK inhibitors, but the duration of response is variable and patients frequently
experience recurrence: new treatment strategies, especially different combinations, are therefore
needed. It was previously shown that Dabrafenib/Everolimus combination was effective in melanoma
cell lines to bypass the induction of resistance to BRAF inhibitors [30]. Here, we report that this
combination can become even more efficacious by preventing ShcD activation. Indeed, ShcD depletion
does not influence the MAPK intracellular pathway [20], in line with our finding that shShcD cells
are as sensitive to the standard of care therapy (Dabrafenib + Tramentib) as control cells, but it does
activate the Rac1 signaling pathway, which in turn activates the mTOR pathway [41]. The upregulation
of mTOR signaling makes melanoma cells more sensitive to Everolimus, thus suggesting that ShcD
depletion can potentiate the effect of combined targeted therapy in melanoma cells.

Our findings demonstrate a key role of the adaptor protein ShcD in the process of metastasis
formation and drug resistance. We propose to take into consideration ShcD as a putative therapeutic
target to improve the prognosis of melanoma patients.
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4. Materials and Methods

4.1. Plasmids, Lentiviral Transduction and Cell Culture

4.1.1. Plasmids

Human ShcD cDNA was cloned in the Pinco plasmid [42]. The original backbone was modified to
a new version, PincoPuro (PP) plasmid, containing the puromycin cassette under the 5′LTR and GFP
(PP, empty vector) or ShcD cDNA (PP-ShcD, ShcD overexpressing vector) under the CMV promoter.
LL3.7 Puro2GFP (LLPG) plasmid and its modified version with shRNA targeting Luciferase (shLuc)
were a generous gift of Dr. Bruno Amati. Two different short hairpin RNAs (shRNAs) targeting ShcD
(shShcD#1 and shShcD#2) were inserted in the XbaI and NotI restriction site of the LLPG plasmid.
The following pairs of shRNA sequences were annealed and cloned into the vector backbone:

shShcD#1 forward 5′TCAATGAGATCACTGGATTTTTCAAGAGAAAATCCAGTGATCTCATTG
TTTTTTC3′; shShcD# reverse 5′TCGAGAAAAAACAATGAGATCACTGGATTTTCTCTTGAAAAATC
CAGTGATCTCATTGA3′;
shShcD#2 forward 5′TTGAGGAGGTGCATATTGATTTCAAGAGAATCAATATGCACCTCCTCAT
TTTTTC3′; shShcD#2 reverse 5′TCGAGAAAAAATGAGGAGGTGCATATTGATTCTCTTGAAATCAAT
ATGCACCTCCTCAA3′

4.1.2. Retroviral and Lentiviral Transfections and Infections

Phoenix-AMPHO helper cell line was transfected with PincoPuro constructs for retroviral
production as previously described [42]. Three cycles of infection (3 h each) with supernatant
retroviral production, together with 4 µg/mL of polybrene, were performed on MM13 and MM27
PDX cells. The 293T cell line was transfected with LLPG constructs for lentiviral production using
calcium phosphate with pMD2.G-VSVG and pCD-NLBH packaging plasmids (generous gifts from
Prof. Colin Goding). One cycle of infection (16 h) with lentiviral vectors, with 4 µg/mL of polybrene,
was performed on MM13 and MM27 PDX cells and on WM115 and WM266.4 cell lines. Cells were
puromycin (2 µg/mL) selected for 3 days and the surviving cells were used for subsequent experiments.

4.1.3. siRNA Transfection Protocol

MM27 PDX cells were transfected following the DharmaFECT transfection protocol (Dharmacon
Horizon) with ON-TARGET plus Human DOCK4 (9732) siRNA-SMARTpool (L-017968-01-0005,
Dharmacon), ON-TARGET plus Human Rac1 (5879) siRNA-SMARTpool (L-003560-00-0005,
Dharmacon) and ON-TARGET plus Non-targeting Pool (D-001810-10-05, Dharmacon). Briefly, the cells
were transfected with siRNA-SMARTpool at the final concentration of 25 nM and DharmaFECT
for 48 h.

4.1.4. Cell Cultures

WM115 and WM266.4 melanoma cell lines were maintained in RPMI (Euroclone, Cat#ECM2001)
supplemented with 10% FBS, 200 mmol/L glutamine, 100 U/mL penicillin and 100 µg/mL streptomycin.
MM13 and MM27 PDX cells were maintained in Iscove’s modified Dulbecco’s medium (IMDM,
Sigma Aldrich-Merck, Cat#I3390) supplemented with 10% North American origin FBS, 200 mmol/L
glutamine, 100 U/mL penicillin and 100 g/mL streptomycin.

4.2. PDX Generation and In Vivo Studies

PDX were generated as previously described [21]. All the in vivo studies were performed after
approval from our fully authorized animal facility and the notification of the experiments to the
Ministry of Health (as required by the Italian Law; IACUCs N◦ 29/2013, N◦ 326/16 and N◦ 758/2015-PR),
and in accordance with EU directive 2010/63.
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Then, 7 × 105 MM13 and MM27 PDX cells transduced with PP and PP-ShcD were transplanted by
intradermal injection into 34 NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice. Mice were monitored for
tumor development and excised when they reached ∼0.5 cm3 in volume (calculated using the modified
ellipsoid formula 1/2 (length ×width2)). Mice were then monitored weekly for metastasis formation by
lymph node detection. After 1–2 months from resection, all mice were sacrificed and enlarged lymph
nodes collected, eventually together with lung, liver, kidney and spleen. The lymph node volume was
measured, with the same formula applied to primary tumors, as evidence of metastatic burden. All the
organs were analyzed for the presence of macroscopic metastatic lesions.

4.3. Cell Adhesion and Spreading Assays

For the adhesion assay, ShLuc and ShShcD MM27 cells (2.5 × 105 cells/well, 6-well-plate
format, in duplicate) were plated onto different extracellular matrices: Fibronectin 5 µg/mL (Roche,
Cat#11080938001), Collagen Type I Rat Tail 20 µg/mL (Corning, Cat#354249), Matrigel 20 µg/mL
(Corning, Cat#356231). After 120 (Fibronectin), 100 (Collagen) and 80 (Matrigel) minutes, cells were
fixed and stained with 0.5% Crystal Violet (Sigma Aldrich-Merck, Cat# V5265). Five images per well
were acquired and images were analyzed (cell number) using ImageJ Software.

For the spreading assays, 2.5 × 104 shLuc and shShcD cells were plated in triplicates on a 5 µg /mL
fibronectin-coated (1 h at 37 ◦C) 24-well plate. After 75 min, the cells were fixed and stained with 0.5%
Crystal Violet. Three images per well were acquired at EVOS XL CORE microscope, Life Technologies
(20× and 40× magnification) and cell morphology and numbers were analyzed and counted using
ImageJ Software.

4.4. Cell Morphology Assessment

In addition, 2.5 × 105 MM27 PP and PP-ShcD cells/well (6-well-plate format) were plated on
a thick collagen layer (2.3 mg/mL, Collagen Type I Rat Tail 20 µg/mL). Three images per well were
acquired and the cells were counted as rounded or elongated on the basis of their shape. Experiments
were carried out in triplicate.

The 2.5 × 105 WM115 shLuc and shShcD#1 or #2 cells/well (6-well-plate format) were plated as
previously described and treated for 24 h with 50 µM NSC23766 Rac1 inhibitor (Sigma Aldrich-Merck,
Cat#SML0952). Five images per well were acquired and the cells were counted as described above.

4.5. Cell Migration Assay

The migration assay was performed using 8.0 µm pore size, fibronectin-coated inserts in 24-well
plates (Corning-Falcon cat#353097). Triplicates of 3 × 104 MM27 shLuc and ShcD-silenced cells
were plated in the upper chamber in serum-free medium. Vehicle (DMSO) or Dabrafenib 2.5 nM
(GSK2118436A, Active Biochem, Cat#A-1220), Trametinib 0.5 nM (GSK-1120212, Active Biochem,
Cat#A-1258), and Everolimus 2.5 µM (RAD001, MedChemExpress, Cat#HY-10218) were added alone
or in combination (Dabrafenib/Trametinib and Dabrafenib/Everolimus, same doses as single testing) to
the medium. The complete medium was added to the lower chamber. After 48 h, cells that migrated to
the lower surface of the inserts were stained with 0.5% Crystal Violet. Four images of each insert were
acquired and analyzed with the ImageJ Software.

4.6. Spheroid Invasion Assay and Time-Lapse Analysis

For the spheroid formation, 2 × 103 PP and PP-ShcD MM27 cells were grown as hanging drops
in IMDM complete medium (Sigma Aldrich-Merck, Cat#I3390) with 0.4% methylcellulose for 48 h at
37 ◦C. Single spheroids were harvested, resuspended in 1.5 mg/mL Collagen Type I Rat Tail and plated
on a 96 well-plate pre-coated with a thin collagen layer. After 1 h at 37 ◦C, the solidified collagen gel
was covered with complete IMDM medium. The ability of cells to invade the area was monitored
and imaged for 24 h on a TIRF Leica DMI6000B camera, temperature controller (37 ◦C), 5% CO2

incubation chamber (Leica), Okolab incubator and LAS AF Software. Images of 10 spheroids per
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group were collected every 15 min for 24 h using a dry 4× objective lens, and phase-contrast optics
with a Z-stack ± 45 µm and 15 µm step. The invasion area was analyzed with the ImageJ Software
and normalized against the area at time 0. The speed of the cells (µ/min) at the invasive front was
analyzed by the manual tracking plugin of the ImageJ Software and calculated as a mean of 10 cells’
tracking. The rounded vs. elongated cell shape at the front of the invasion was carried out by the
manual counting of 3 different fields of 5 spheroids per group on the ImageJ Software.

4.7. Immunofluorescence Staining

Furthermore, 2.5 × 104 MM27 and WM115 cells infected with shLuc and shShcD were plated on
5 µg/mL fibronectin pre-coated (O/N at 4 ◦C) slides and allowed to attach for 75 min in complete IMDM.
Cells were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton-X, blocked
for 1 h with 5% bovine serum albumin and immune-stained with Vinculin (Sigma Aldrich-Merck,
Cat#V9131), p-Vinculin (Tyr-1065) (Invitrogen, Cat#44-10786), Paxillin (Invitrogen, Cat#03-6100),
p-Paxillin (Tyr118) (Invitrogen, Cat# 44-7226), FAK (c-20, Santa Cruz, Cat#sc-558), p-FAK (Tyr397)
(Upstate, Cat#07-012), DOCK4 (Novus Biologicals, Cat#NBP1-266-48) and CD146 (Novocastra,
Cat#NCL-L-U). Secondary detection was done using secondary fluorescently labeled antibodies
(Life Technologies Italia) for 45 min at room temperature. Slides were counterstained with
4′,6-diamidino-2-phenylindole (DAPI, Life Technologies Italia) for nuclei labelling and mounted
on glass with Mowiol (Merk Life Science, Cat#81838). Images were collected at 63×magnification by
motorized Leica DM6B fluorescence microscope, equipped with a Zyla camera, LASX Software, and by
a Leica TCS SP5II confocal microscope, equipped with a Leica camera, LASX Software.

4.8. Immunoblot and Immunoprecipitation

For the immunoblot analysis, cells were rinsed with cold PBS and lysed in RIPA lysis buffer (150 mM
sodium chloride, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0) plus protease
and phosphatase inhibitor cocktail (Roche, Cat#11697498001 and ThermoScientific Cat#A32957),
and sonicated twice for 20 s. Cell debris was removed by centrifugation at 13,000 rpm for 20 min
at 4 ◦C. Protein concentration was determined using the Bradford Assay (Bio-Rad, Cat#500-0006).
Protein lysates were separated on SDS-PAGE gel and transferred onto nitrocellulose membrane.
Membranes were blocked with 5% nonfat milk or BSA in Tris-buffered saline with 0.1% Tween
20 (TBST) for 1 h. Membranes were immunoblotted with the following appropriately diluted primary
antibodies overnight at 4 ◦C or 1 h at room temperature: ShcD anti-CH2 Clone 47-10-21 (home-made,
see below), AXL H3 (Santa-Cruz, Cat#sc-166269), Sox10 (D5V9L) (Cell Signaling, Cat#89356), EGFR
(E114) (Abcam, Cat#ab32562), EphA2 (D4A2) (Cell Signaling, Cat#6997), Brn2/POU3F2 (D2C1L)
(Cell Signaling, Cat#12137), MITF antibody (C5) (Abcam, Cat#ab12039), PDGF-Rβ (R&D Systems,
Cat#AF385), p-(Tyr-256) N-WASP (ECM Biosciences, Cat#WP2601), N-WASP (Novus Biologicals,
#CatSC66-05), P-(Ser3)-Cofilin (Cell Signaling, Cat#3311), Cofilin (D3F9) (Cell Signaling, Cat#5175),
ß-Actin (Novus Biologicals, Cat#NB600-503), Vinculin (Sigma Aldrich-Merck, Cat#V9131), GAPDH
(Cell Signaling, Cat#2118). Membranes were washed three times with TBST and incubated with
the appropriate horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature.
Finally, the expression of protein was detected by enhanced-chemiluminescence solutions (ECL-BioRad,
Cat#170-5061) and captured by Amersham Hyperfilm (Cat#GEH28906837) or ChemiDoc XRS.

For immunoprecipitation, cells were harvested by scraping in PLC lysis buffer (50 mM HEPES
pH 7.5, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA) plus protease
and phosphatase inhibitor cocktail. Cells were lysed for 30 min on ice, centrifuged at 13,000 rpm
for 30 min and the protein concentration was detected as above. Cell lysates (3 mg) were incubated
with anti-DOCK4 Antibody (Novus Biologicals, Cat#NBP1-26648) for 3 h at 4 ◦C followed by 1 h
incubation with protein A Sepharose CL-4B beads (GE-Healthcare, Cat#GE17-0780-01). As the negative
control, cell lysates were immunoprecipitated with anti-IgG antibody. Immunocomplexes were washed
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5 times with lysis buffer and boiled with sample buffer. Immunoblot analysis was performed with the
indicated antibodies.

4.9. ShcD Antibody Generation (Anti-CH2 Clone 47-10-21)

The ShcD antibody was generated in collaboration with the Biochemistry Unit at the
IFOM-European Institute of Oncology (IEO) campus. Antibodies against the CH2 domain of
murine ShcD was raised using the peptide sequence of 16 amino acids: QPYRKYDNTGLLPPKK.
This synthesized peptide sequence corresponds to the carboxy-terminal part of the CH2 region, which is
specific for ShcD and not present in the other three members of the family. The immunized sera were
tested on RaLP overexpressing cell lines by Western blotting and the reactive sera were immunopurified.

4.10. RAC1 Activation Assay

Rac1 activity was measured with Rac1 Activation Assay Biochem kit (Cytoskeleton, Cat#BK035)
according to the manufacturer’s protocol. Cells were transduced with shLuc, shShcD#1 and shShcD#2
and plated on 5 µg/mL fibronectin-coated plates (as described above) for 15 min in complete RPMI
medium. Cells were first washed with phosphate-buffered saline (PBS) and then lysed with a proper
volume of lysis buffer provided by the manufacturer and supplemented with protease inhibitors.
The lysates were precleared and after measuring protein concentration with the provided Precision
Red Advanced Protein Assay, and 50 µg of lysates were saved for Western quantitation of total Rac1.
About 800 µg of lysate was incubated with 15 µL of GST–PAK–PBD (Rac1 effector protein, p21 activated
kinase 1) for specific pull-down of activated Rac1. After rocking at 4 ◦C for 1 h, beads were washed
once and boiled at 95 ◦C for 2 min. Protein lysates were subsequently resolved in 14% SDS-PAGE gel
and transferred to polyvinylidene fluoride membrane (PVDF).

The total and activated Rac1 was detected by Western blotting using an anti-Rac1 monoclonal
antibody provided in the kit, followed by incubation with goat anti-mouse secondary antibody at
room temperature for 1 h. Immunoblotting and detection were carried out as previously indicated.

4.11. Tissue Microarrays (TMA)

Tissue Microarrays were performed in collaboration with the Division of Pathology and the
Molecular Pathology Unit at the European Institute of Oncology (IEO). Human specimens derived from
formalin fixed and paraffin embedded melanocytic lesions were arrayed as previously described [43].
The choice of the samples was based on tumor availability but also on reliable and sufficient
clinical information. Briefly, for each sample, two 0.6 mm cylinders from previously identified
on hematoxylin-eosin stained sections were removed from the donor blocks and deposited on the
recipient block using a custom-built precision instrument (Tissue Arrayer, Beecher Instruments,
Sun Prairie, WI, USA). Two-micrometer sections of the resulting recipient block were cut, mounted on
glass slides, and processed for in situ hybridation (ISH), as previously reported [44]. TMAs contained
183 primary melanomas, subdivided according to TNM staging and 94 metastatic melanomas. Patients
were divided according to the diagnosis and ShcD status evaluated in primary and metastatic tissues.
Patients carrying primary melanomas had a median age of 56 years at diagnosis, 97 were female (54%)
and 83 were male (46%). The majority of primary melanomas were SSM (skin-sparing mastectomy)
(68%, n = 125 patients, pts), thin (51%, n = 91 pts Breslow < 1 mm), non-ulcerated (72%, n = 131 pts) and
with a mitotic rate ≥1 mm2 (62%, n = 114). Lymph node status was positive in 35 patients (19%) and not
available in 12 patients (7%). In the metastatic group, 68% of the patients were male. Fifteen patients
(15%) had an occult primary melanoma, while for the remaining 79 patients with a known antecedent
primary melanoma, some but not all primary tumor parameters were available. The majority of the
melanomas were thick (75% with Breslow > 1 mm), with a high mitotic rate (51% with mitoses >1 mm2)
and a positive lymph node status (49% positive, 28% negative and 23% unknown). The sites of primary
tumor were often trunk (43% and 41% for primary and metastatic tissue, respectively) and extremities
(45% and 32% for primary and metastatic tissue, respectively).
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4.12. In Situ Hybridization (ISH)

ShcD expression levels were assessed by ISH as previously reported [44]. TMA sections were
deparaffinized, digested with Proteinase K (20 µg/mL), postfixed, acetylated and dried. After overnight
hybridization at 50 ◦C, the sections were washed in 50% formamide, 2 × SSC, 20 mM 2-mercaptoethanol
at 60◦, coated with Kodak NTB-2 photographic emulsion and exposed for three weeks. The slides
were lightly H&E counterstained and analyzed under microscope with a dark-field condenser for the
silver grains.

All TMA were first analyzed for the expression of the housekeeping gene β-actin, against which
the specific signals were normalized. Gene expression levels were evaluated by three independent
operators, counting the number of grains per cell and were expressed in a semi-quantitative scale
(ISH score): 0 (no staining), 1 (1–25 grains; weak staining), 2 (26–50 grains; moderate staining),
and 3 (>50 grains, strong staining). ISH scores 2 and 3 were considered to represent an unequivocal
positive signal.

4.13. Drug Treatment

In vitro drug sensitivity was assessed by CyQuant (Invitrogen, Cat#C35012) in MM27 shLuc and
shShcD cells. Briefly, the cells were plated in triplicate in 96 wells (1500 cells/well) and treated for 72 h
by a single exposure to either the vehicle or increasing concentrations of Dabrafenib (BRAF inhibitor,
in the range of 5–100 nM), Trametinib (MEK inhibitor, in the range of 0.1–5 nM), Everolimus (mTOR
inhibitor, in the range of 1–25 µM). The inhibition of viability is indicated as a percent over control
(GraphPad Prism software).

4.14. Statistical Methods

Clinical and pathologic features were tested for association with ShcD status using simple
cross tabulations, chi-square test, Mantel–Haenszel and Fisher’s exact test; median values and
range inter-quartiles were presented for continuous variables and compared with non-parametric
Wilcoxon tests.

Time to death and time to recurrence were defined as the time from the first diagnosis of
melanoma until the event of interest. For the analyses among metastatic patients with ShcD evaluated
in the metastatic tissue, time to death was defined as the time from the diagnosis of first distant
metastasis until death. All patients, alive or free of disease at last follow-up date, were considered
right censored. Multivariable binary logistic regression was used to assess the statistically significant
features associated with the ShcD status. Disease-free survival was estimated by the Kaplan–Meier
method to evaluate the time to events. The log-rank test was used to compare the survival time
between groups. Cox proportional hazards models were used to assess if the ShcD was associated
with survival, after adjustments for confounders (age and gender), for disease-free survival and also
chemotherapy for overall survival. Prognostic factors, such as Breslow thickness, ulceration and
lymph node involvement, were included, if significant, in multivariate models for metastatic tissue.
In primary tissue, they were not included because they were considered intermediate steps in the
casual path between ShcD and recurrence or death. In fact, we hypothesized that ShcD had either
a direct influence on cell invasion or it indirectly regulated target molecules that lead to reduced
invasive potential.

All statistical tests were two-sided, and p < 0.05 was considered statistically significant.
The statistical analyses were performed with the Statistical Analysis System Version 9.2 (SAS Institute,
Cary, NC 27513, USA).

All in vitro and in vivo data were represented as the mean ± SD of biological triplicates (if not
diversely indicated in the text). Comparisons between two or more groups were assessed by using
two-tailed Student’s t test. p < 0.05 and lower were considered significant.
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5. Conclusions

Comprehension of how melanoma infiltrates the surrounding tissues and disseminate is key
to designing new and more effective therapeutic strategies. The metastatic cascade is a multi-step
process still not completely dissected. Our results indicate that ShcD, a signaling adaptor protein,
drives changes in melanoma plasticity, enabling cells to switch between different types of motility
and therefore invade and metastasize. The uncovering of this novel signal transduction pathway
may contribute to the understanding of how metastases develop and evolve, and how the different
phenotypes leading to metastasis can be either reversed or efficiently inhibited. Our results may open
new therapeutic perspectives.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/11/3366/s1,
Figure S1: Evaluation of the impact of ShcD silencing on MM27 cells, Figure S2: Cell morphology assessment in
ShcD-silenced WM266.4 and WM115 cells, Figure S3: ShcD form a complex with DOCK4 and confines it in the
cytoplasm, and Movie S1: Time-lapse analysis of ShcD overexpressing MM27 cells.
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Simple Summary: Cancer stem cells play a central role in the development of cancer and are poorly
sensitive to standard chemotherapy and radiotherapy. Furthermore, they are also responsible for
the onset of drug resistance. This also occurs in malignant melanoma, the deadliest form of skin
cancer. Hence, cancer stem cells eradication is one of the main challenges for medical oncology.
Here, we conducted a bioinformatics approach aimed to identify the main circuits and proteins
underpinning cancer stem cell fitness in melanoma. Several lessons emerged from our work and may
help to conceptualize future therapeutic approaches to prolong the efficacy of current therapies.

Abstract: Cancer stem cells (CSCs) have historically been defined as slow cycling elements that
are able to differentiate into mature cells but without dedifferentiation in the opposite direction.
Thanks to advances in genomic and non-genomic technologies, the CSC theory has more recently
been reconsidered in a dynamic manner according to a “phenotype switching” plastic model.
Transcriptional reprogramming rewires this plasticity and enables heterogeneous tumors to influence
cancer progression and to adapt themselves to drug exposure by selecting a subpopulation of slow
cycling cells, similar in nature to the originally defined CSCs. This model has been conceptualized
for malignant melanoma tailored to explain resistance to target therapies. Here, we conducted a
bioinformatics analysis of available data directed to the identification of the molecular pathways
sustaining slow cycling melanoma stem cells. Using this approach, we identified a signature of
25 genes that were assigned to four major clusters, namely (1) kinases and metabolic changes,
(2) melanoma-associated proteins, (3) Hippo pathway and (4) slow cycling/CSCs factors. Furthermore,
we show how a protein-protein interaction network may be the main driver of these melanoma cell
subpopulations. Finally, mining The Cancer Genome Atlas (TCGA) data we evaluated the expression
levels of this signature in the four melanoma mutational subtypes. The concomitant alteration
of these genes correlates with the worst overall survival (OS) for melanoma patients harboring
BRAF-mutations. All together these results underscore the potentiality to target this signature to
selectively kill CSCs and to achieve disease control in melanoma.

Keywords: melanoma; target therapy; cancer stem cells; slow cycling phenotype; drug resistance;
OXPHOS; lipid metabolism
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1. Introduction

Melanoma remains one of the most widespread types of cancer in western countries, and its
incidence is rapidly increasing [1,2]. In recent years, immunotherapy and targeted therapies have
changed the treatment scenario for advanced melanoma [3–6].

Selective inhibitors of V600E BRAF-mutated melanoma, such as vemurafenib, dabrafenib and
encorafenib, prolong survival of patients harboring the V600E mutation [3,4,7,8]. However, the onset of
tumor resistance observed following this treatment, which was found to be related to the emergence of
bypass mutations in resistant tumors that often cause reactivation of the RAS/BRAF/MEK pathway [9,10],
led to the development of combo therapies with BRAF and MEK inhibitors as the current standard of
care [11–13]. Unfortunately, dual therapy, although being able to provide more durable disease control
compared to BRAF inhibitors alone, is also plagued by the development of drug resistance [14,15].

Beside genetic mechanisms, a plethora of non-genetic changes have been identified to be involved
in the evolution of resistance to target therapy in melanoma [16–18], the main ones being: (1) the
induction of changes in the inflammatory niche driving drug tolerance [19]; (2) the displacement of the
bioenergetic equilibrium [20] and (3) the involvement of receptor tyrosine kinases (RTKs). As for the
last mechanisms, for example, our group and others have demonstrated a key role of ErbB3 receptor
up-regulation upon exposure to BRAF and MEK inhibitors [21,22]. In addition, also non-coding RNAs,
such as microRNAs are emerging as key players able to orchestrate epigenetic and non-genomic
mechanisms of resistance to target therapy in melanoma [23–28].

Similarly, multiple reports document the development of resistance to immune checkpoint
inhibitors [29–31]. Therefore, strategies aimed to reduce the onset of resistance are of the utmost
importance in the therapy of melanoma [31].

Cancer stem cells (CSCs) are known to be involved in the development of resistance to treatment,
thereby contributing to disease relapse after an initial response [32–35]. CSCs, also known as
tumor-initiating cells, are cells that can perpetuate themselves by self-renewal [36], and present peculiar
characteristics, including the expression of specific surface markers [34,37]. The theory of CSCs has
originally been described as a bone fide biological phenomenon in hematologic tumors, such as
leukemia. From here, they have also been identified in solid malignancies, such as lung, breast and
colon cancers. Differently, in the case of melanoma, some debates on the existence of CSCs are still
ongoing mostly due to the difficulty to identify reliable markers for their identification [38].

CSCs are clearly linked to tumor heterogeneity, which is also a hallmark of cancer development
and at the basis of resistance to anti-neoplastic treatments [39]. Heterogeneity is observed at different
levels, for example, within a single tumor (intra-tumoral) or between tumor masses of the same
histopathological subtype in the same patient (inter-tumoral) or between tumors of the same histotype
deriving from different patients (inter-patient) [40,41]. Moreover, heterogeneity can occur at a spatial
level (uneven distribution of genetically and/or epigenetically different subpopulations within the
same or synchronous lesions in the same patient), or at a temporal level (i.e., dynamic variations of
tumor cells over time) [39,41]. Notably, temporal heterogeneity may also encompass the existence of a
tiny pre-existing subpopulation of cells, which emerge as the dominant population under the pressure
imposed by a given therapy. Tumor heterogeneity can be influenced in response to the selective
pressure of the immune system or of antineoplastic treatments [42].

According to the CSC model, tumors are per se heterogeneous and are organized in a hierarchical
manner [43]. At the top of the hierarchy is a small fraction of cells called CSCs, which are endowed
with the ability to undergo both symmetrical and asymmetrical divisions. These cells can differentiate
into “non-CSCs”, with the acquisition of stable genetic and/or epigenetic changes [44]. According to
the model, non-CSCs represent the largest fraction of the tumor. Nowadays the alternative models
postulated to explain tumor evolution are: linear, branching, neutral and punctuated [45]. According to
the first model tumor cells acquire mutations linearly in a step-wise process leading to more malignant
stages of cancer. The branching model predicts that single clones originate from a common ancestor,
and evolve simultaneously in the tumor mass because of their increased fitness. Neutral evolution
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is a case of branching evolution for which no selection or fitness changes occur during the lifetime
of the tumor and influence the evolution of the clones. Finally, and differently from the other
models, the theory of “punctuate equilibrium” assumes that mutations are not acquired gradually and
sequentially over time but in short bursts of tumor progression. According to this model, intratumor
heterogeneity is higher in the early stages in which one or a few dominant clones stably expand to
form the bulk of tumor mass. Interestingly, a recent mathematical modeling has revealed that bursts of
mutations are the best models able to recapitulate the long-stemmed clonal trees of the evolution of
different cancers. For further details we recommend several excellent reviews on this topic such as the
work by Davis and colleagues [45].

More recently, those models have been challenged by several pieces of evidence showing a plastic
interconversion of epigenetic changes underpinning stem phenotype. Thereby, the theory of CSCs has
been reconciled with the evidence of a dynamic interplay between slow cycling (and drug-resistant)
and fast cycling (drug-sensitive) states [46]. Although the correspondence of CSCs with slow cycling
cells within a tumor is still debated, it is widely accepted that tumor heterogeneity is linked to a
slow cycling and plastic sub-population of cells able to challenge therapeutic efforts and to emerge as
drug-resistant survivors.

In this context, the “phenotype switching” model has been proposed [47]. It has been
conceptualized for malignant melanoma, which is notorious for the high level of genetic and non-genetic
heterogeneity [48,49]. Therefore, it is thought that melanoma cells have the possibility to shift between
different transcriptional programs mostly depending on the oscillation of the microphthalmia-associated
transcription factor MITF [46]. These states are the “proliferative/differentiative” or MITFhigh and the
“invasive” or MITFlow (also known as rheostat model) [50]. Furthermore, molecular changes leading
to tumor heterogeneity are also regulated by local microenvironment cues (e.g., interactions with
non-tumor cells, hypoxia, stroma-derived factors HGF, TGF-β) [47]. For example, it has been recently
reported that an acidic tumor microenvironment influences a stem-like phenotype in melanoma [51].
According to “phenotype switching” model, non-hierarchical plasticity may lead to the transient
existence of slow-cycling cells able to survive to therapeutic pressures activating compensatory signaling
pathways. Thereby, it has been named “dynamic stemness”. Those aspects and their therapeutic
implications will be discussed later in our review. Noteworthily, those melanoma cell subpopulations
possess neural crest stem cell features and are dedifferentiated further than the canonical invasive
phenotype [52,53].

Coherently, one of the main markers of this state, namely the nerve growth factor receptor (NGFR)
has been described as a putative melanoma CSC marker [54].

Along the same topic, H3K4 demethylase JARID1B has been identified as a marker of slow
cycling cells in melanoma. According to the notion of CSCs, the subpopulation of cells express this
protein cycle very slowly (times of >4 weeks) compared to the rest of the rapidly proliferating main
population [55].

Recently, the development of single cell (sc) analysis approaches, which are able to better
characterize tumor heterogeneity and CSCs have represented a major technological breakthrough [42].
For example, sc-RNAseq studies have confirmed the presence of a small population of non-cycling cells
in both melanoma cell lines in vitro, as well as from those derived from freshly processed melanomas.
Coherently, those cells are enriched for CSC markers like JARID1B and NGFR [56,57].

In this paper we have tried to interpret available data using a bioinformatic approach directed to
identify novel targets to selectively hit CSCs in BRAF mutated cutaneous melanomas. This led us to
identify a common interaction network encompassing the existence of four major clusters which may
be at the basis of CSC fitness. Importantly, the signature of genes belonging to this network showed a
prognostic potential for BRAF-mutant melanoma patients based on The Cancer Genome Atlas (TCGA)
data. Finally, we discuss how to potentially tackle it at multiple levels to selectively block the spread of
those cells and to prolong the efficacy of target therapy in melanoma.
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2. Results

2.1. Identifying Common Denominators for Melanoma Stem Cell Survival through Bibliographic Search

CSCs are charged to be among the main determinants of the failure of anticancer treatments. This is
also the case of target therapy in BRAF-mutant melanomas. An open question remains whether common
molecular pathways sustain slow cycling cells under selective pressure by therapeutic agents and
foster their growth as drug-resistant survivors. In this regard, there is a general agreement to consider
metabolic rewiring as a central process responsible for promoting CSC fitness [20]. Notwithstanding the
involvement of these common pathways, the specific players identified differ among different studies.

In order to identify common denominators, we carried out the following effort in three
steps (Figure 1).

Figure 1. Schematic workflow of the study divided into three steps to obtain a list of 25 top genes for
bioinformatics analyses.

(1) We first conducted an extensive bibliographic search using as keywords “melanoma stem
cells”, “resistance to target therapy”, “metabolic rewiring” and “phenotype switching” and we found
more than 3000 publications. (2) We refined this list according to the: (a) potential concordance in
the genes identified among studies, i.e., for their presence in at least two of them (b) most recent
works (c) highly indexed journals (impact factor >7) and (d) studies taking advantages of single-cell
approaches. These parameters allowed us to restrict the list of publication up to 35. (3) These
publications were screened to finally obtain a list of 25 top genes, which potentially sustain melanoma
stem cell fitness. In detail, the complete list is available as Table 1. This signature will be named from
now simply “MSCsign”.

Table 1. List of 25 top genes relevant for melanoma stem cells and resistance to target therapy.

Gene Description Reference # Cluster

MAP2K1 Dual specificity mitogen-activated
protein kinase kinase 1 [9,11–15]

Kinase and metabolic
signature

JUN Transcription factor AP-1 [15,42,46,56,58]
RXRG Retinoic acid receptor RXR-gamma [42,53]
CPT1A Carnitine O-palmitoyltransferase 1 [59]

AKT1 RAC-alpha
serine/threonine-protein kinase [9,16,20]

BRAF Serine/threonine-protein
kinase B-raf [4,7,9,11–14]

PPARA Peroxisome proliferator-activated
receptor alpha [59]

ATF4 Cyclic AMP-dependent
transcription factor ATF-4 [20,60]

PPARGC1A Peroxisome proliferator-activated
receptor gamma coactivator 1-alpha [20,61–63]
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Table 1. Cont.

Gene Description Reference # Cluster

SCD Acyl-CoA desaturase [60,64]

TFAM Transcription factor A,
mitochondrial [65]

HIF1A Hypoxia-inducible factor 1-alpha [20,66]

MITF Microphthalmia-associated
transcription factor

[20,42,46,47,50,52,53,56,57,
60–62,64,67]

Melanoma-associated
signature

MTOR Serine/threonine-protein
kinase mTOR [62,67]

SERPINE2 Glia-derived nexin [68]

AXL Tyrosine-protein kinase
receptor UFO

[20,42,46,47,50,52,53,56–58,
60,66]

MLANA Melanoma antigen recognized
by T-cells 1 [52,53,56,66]

NFKB1 Nuclear factor NF-kappa-B
p105 subunit [52,66]

SOX10 Transcription factor SOX-10 [53,58]
TP53 Cellular tumor antigen p53 [69]

YAP1 Transcriptional coactivator YAP1 [47,64]
Hippo pathway

signature
TEAD1 Transcriptional enhancer

factor TEF-1 [47,58]

TAZ Tafazzin [47,64]

NGFR Tumor necrosis factor receptor
superfamily member 16 [52–54,56–58,66,70,71] Slow cycling

signature
KDM5B Lysine-specific demethylase 5B [55,56,63,64,66,70,72]

Bold: Genes divided into four major clusters.

Here below we recapitulate the main findings of the major studies emerging from our analysis.
Rambow et al. have reported that BRAF/MEK inhibition enriches multiple therapy-resistant slow cycling
populations, which retain the ability to proliferate in the absence of therapeutic stress [53]. Those cells
exhibited neural crest stem cell transcriptional programs largely driven by the nuclear receptor RXRG.
Another mechanism proposed to support the onset of drug resistance is the epigenetic reprogramming
induced by therapy [58]. Reprogramming may be initiated with a loss of SOX10-mediated differentiation,
and then followed by a multi-stage process involving the activation of new signaling pathways, such as
Jun-AP-1 and TEAD [58]. These events lead to post-treatment transition to stable resistance phenotypes
characterized by well-known markers, such as the receptor tyrosine kinase AXL. Furthermore, it has
been reported in in vivo mouse models that slow cycling melanoma cells which adaptively resist to
BRAF/MEK inhibitors (MAPKi) are also capable of reentering the cell cycle and give rise to highly
metastatic subclones that invade different tissues [70]. Importantly, these cells show a dedifferentiated
state characterized by high levels of cancer stem cell markers, such as NGFR and JARID1B. Notably,
all these studies converge to support the notion that drug treatment initially induces a fast increase
in de-differentiation toward a slow cycling CSC state characterized by high NFGR levels [53,66].
In essence, the neural crest stem cell signature could be defined as “point of entry” for the development
of resistance to target therapy in melanoma [71].

While CSCs are poorly sensitive to chemotherapy and target therapies that mainly act by blocking
cell cycle, several studies have shown that they are sensitive to the interference with signaling
pathways [68,73]. Zakaria et al. have suggested that NF-κB inhibition reduces the ability of CSCs to
maintain their population within the tumor mass [73]. Along the same line, Su and colleagues have
recently demonstrated that the switch from rapidly dividing drug-responsive to drug-tolerant/slow
cycling states early occurs upon exposure to MAPKi in melanoma. This event mostly encompasses
the activation of NF-κB. Coherently, its inhibition together with MAPKi keeps melanoma cells in a
drug-sensitive state [66].

149



Cancers 2020, 12, 3368

In a similar study, the same result was achieved by modulating the p53, NF-κB and HIF-1α
pathways [74]. Paradoxically, inhibition of TP53 was shown to sensitize melanoma cells to BRAF/MEK
inhibition [69]. In addition, SerpinE2 appears to be involved in the maintenance and invasiveness of
CSCs in melanoma, and the inhibition of this proteolytic enzyme has been speculated to be a potential
therapeutic target [68].

As previously stated, the alteration of the metabolic status is a hallmark of CSC maintenance and
mostly encompasses: (1) increased oxidative phosphorylation (OXPHOS) and (2) lipidome alterations.

As to the first, it is widely accepted that therapy resistant slow-cycling melanoma cells are addicted
to mitochondrial OXPHOS: this vulnerability represents a source of therapeutic opportunities [75].
Roesch et al. firstly described through proteome profiling, which the JARID1Bhigh subpopulation of
cells upregulate several enzymes involved in mitochondrial oxidative ATP synthesis [55,72]. Coherently,
inhibition of mitochondrial respiration (using oligomycin, rotenone and phenformin) blocked the
emergence of these slow cycling cells and potentiated the tumor-suppressive potential of BRAFi
in vivo. In a subsequent study, the same group demonstrated that MAPKi induce the upregulation of
mitochondrial biogenesis in intrinsically resistant melanoma cells [65]. The authors found an increase in
mitochondrial DNA copy number, mitochondrial mass, maximal oxygen consumption rate, and reactive
oxygen species production in these cells upon exposure to the drugs. In contrast, therapy sensitive
cells show the opposite pattern, i.e., they downregulated transcriptional signatures associated with
MitoBiogenesis. Therefore, the specific mitochondrial HSP90 inhibitor, namely Gamitrinib was
demonstrated to be effective in eradicating intrinsically resistant cells and increased the efficacy of
MAPKi in vitro and in vivo [65].

Along the same topic, Vazquez et al. have demonstrated the existence of an additional adaptive
metabolic program in melanoma that is dependent upon the translocation to the nucleus of the master
regulator of melanocyte MITF, which, in turn, activates PGC1α, a key regulator of mitochondrial
respiration [61]. Mechanistically, MITFhigh/PGC1αhigh cells exhibit increased OXPHOS coupled with
ROS detoxification capacities enabling them to survive under oxidative stress conditions [61]. Hence,
it is not surprising that the mTORC1/2 inhibitor AZD8055, which triggers MITF cytoplasmic retention,
was able to decrease PGC1α expression and OXPHOS in melanoma [62]. Thereby, this compound
potentiated the efficacy of MAPKi in BRAF-mutated melanoma cells in vitro and in vivo [62]. In line
with this finding the novel mitochondrial complex I inhibitor IACS-010759 demonstrated a significant
anti-tumor activity as single-agent of in high OXPHOS MAPKi-resistant melanoma models in vivo [67].

Noteworthy, the existence of JARID1Bhigh/PGC1αhigh cells has been reported in melanoma
according to their relevance in sustaining high-OXPHOS metabolism [63].

CSCs maintenance also seems to depend upon the size of the pool of monounsaturated fatty
acids (MUFAs) generated by the activity of the stearoyl-CoA desaturase 1 (SCD1) [37,76–78] because
SCD1 inhibition was shown to selectively eliminate CSCs in lung cancer, both alone and in synergy
with chemotherapy [79,80].

Pisanu et al. investigated the role of SCD1 and its inhibition by a specific compound, MF-438,
in melanoma CSCs, by a comprehensive approach employing bioinformatics and 2D and 3D cultures [64].
In line with the initial hypothesis of the importance of SCD1 in maintaining the CSCs pool in melanoma,
the expression of this gene increased during melanoma progression. Moreover, BRAF-mutated
melanoma cell cultures enriched in CSCs showed an overexpression of SCD1 and were more resistant
to BRAF and MEK inhibitors than non-enriched cultures. Exposure of BRAF-mutated melanoma
cells to inhibitors of the MAPK pathway enhanced stemness features by increasing the expression of
YAP/TAZ and downstream genes, but not SCD1. However, the pharmacological inhibition of SCD1 by
MF-438 downregulated YAP/TAZ and was able to revert CSC enrichment and resistance to MAPK
inhibitors [64]. These findings, albeit limited to in vitro studies, underscore the potential role of SCD1
in melanoma progression and suggest the opportunity to further SCD1 inhibitors in combination with
MAPK inhibitors for the control of resistance to targeted therapy.
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Very recently, Vivas-Garcia et al. investigated the impact of the tumor microenvironment on
phenotype switching focusing on fatty acid metabolism [60]. The authors observed the downregulation
of both MITF and SCD in melanoma cells following glutamine deprivation with an alteration of
the balance of saturated fatty acids and MUFAs [60]. As expected, MITF was accompanied by a
differentiation/proliferative-to-invasive switch characterized also by hallmarks of drug resistance
(i.e., AXL). However, in apparent contrast with Pisanu et al., in this model, loss of SCD1 was
accompanied by an increase in cells with an invasive phenotype. Further studies are needed to
deepen understanding of the role of SCD1 in melanoma, for example, taking advantage of single
cell approaches.

In addition, the metabolism of fatty acid oxidation (FAO) has been reported to govern stem
cell balance between quiescent and proliferative states [81]. In this context, Aloia et al. have recently
demonstrated that an FAO metabolic shift early occurs in BRAF-mutant melanoma cells upon
exposure to MAPKi [59]. Mechanically, this is characterized by the upregulation of peroxisome
proliferator-activated receptor α (PPARα) and carnitine palmitoyltransferase 1A (CPT1A) enzymes.
Coherently, the upfront inhibition of FAO and MAPK synergistically inhibits tumor cell growth in vitro
and in vivo [59].

2.2. Identification of a Common Interactome Sustaining Melanoma Stem Cell Fitness Divided into Four
Major Clusters

First of all we subjected the 25 genes of “MSCsign” to Markov Cluster Algorithm for bioinformatics
clustering based on protein-protein interaction (PPI) and similarity networks [82]. This led to the
identification of four major clusters (represented in Table 1). On the basis of the genes present in these
clusters, these signatures were named: (1) kinase and metabolic, (2) melanoma-associated, (3) Hippo
pathway and (4) slow cycling/CSCs. The first cluster includes nearly 50% of the genes (i.e., 12 out of
25). Among them, there are BRAF, MEK, AKT kinases as well as metabolic enzymes, such as SCD,
CPT1A and PPARGC1A. The melanoma-associated cluster includes lineage specific genes, such as
MITF and MLANA, as well as markers associated with resistance to target therapy in melanoma,
such as AXL and NFKB. The third cluster encompasses three genes all belonging to the Hippo oncogenic
signaling (i.e., YAP, TAZ and TEAD). Finally, the last one includes NGFR and KDM5B (or JARID1B).
For this reason, it was named the slow cycling/CSCs cluster.

In the next step, we used “MSCsign” to build a PPI network using the STRING online database [83].
This software allows us to complement available information of PPI with computational predictions
to generate a global network including direct (physical), as well as indirect (functional) interactions.
Using a minimum required interaction score (>0.4, medium confidence) we plotted the interactome
of the 25 genes as connected by 89 hedges with a PPI enrichment p < 1.0 × 10–16. The displayed
networks available are based on: (1) evidence, as multiple lines where the color indicates the type of
interaction; (2) confidence, where line thickness denotes the strength of data support and (3) molecular
action, in which different lines represent the predicted mode of action (Figure 2). Again, we obtained
four clusters with a partial overlap between signatures 1 and 2, i.e., the kinase/metabolic and
melanoma-associated, respectively. Differently, the hippo and slow cycling/CSCs clusters segregated
separately from all the others. Furthermore, the same list was also subjected to gene-set enrichment
analyses using well-known classification systems, such as Gene Ontology, KEGG (Kyoto Encyclopedia
of Genes and Genomes) and Reactome (Table S1). Notwithstanding the different clustering, all PPI
networks converge in demonstrating that these 25 genes are closely interconnected (Figure 2).
This suggests that a synchronous interactomic profile may exist and can be potentially tackled
as will be discussed later.
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2.3. TCGA Data Mining Uncovers the Prognostic Value of “MSCsign” in BRAF-Mutant Melanomas

Next, we addressed the potential prognostic value of the “MSCsign” for skin cutaneous melanoma
patients. Towards this goal one of the most reliable methods is The Cancer Genome Atlas (TCGA)
data mining. Hence, first of all we checked the expression levels of the aforementioned 25 genes in
480 samples of skin cutaneous melanoma using UALCAN software [84]. The results underscore the
high levels of heterogeneity of gene expression among the different melanoma specimens, as already
well-known for this tumor [41]. Coherently, the most expressed markers belong to cluster 2 according
to its melanoma-associated signature (Figure 3). It is important to point out that certain genes especially
those belonging to cluster 3 and 4 are expressed at low levels. These data probably reflect a pre-therapy
scenario and the activation of specific clusters of genes might occur following treatment in order to
escape from the therapeutic pressure. Notably, gene expression levels were also normalized considering
the maximum median expression value across all the blocks (Table S2).

Thereafter, we decided to investigate the biological meaningfulness of “MSCsign” stratifying
melanoma patients according to the mutational subtype again through TCGA data. To this aim we
used the skin cutaneous melanoma dataset (TCGA, PanCancer Atlas) [85] available on cBioPortal
website [86,87]. In detail, this contains data of 448 melanoma samples of which 440 were profiled for
the mutational status and 443 further subjected to RNA-Seq analyses.

Figure 3. Expression levels of the 25 top genes relevant for melanoma CSCs and resistance to
target therapy on 480 samples of skin cutaneous melanoma from The Cancer Genome Atlas. http:
//ualcan.path.uab.edu/index.html.

According to the genomic classification and mutational status [85] this tumor is categorized into
four main molecular subtypes: BRAFmut, RASmut, NF1mut, or triple wild type. The incidence of these
mutational states [10,85] is represented as a cake graph in Figure 4A. It is important to point out that
the effects of the three most common driver mutations (BRAFmut, RASmut, NF1mut) are influenced
by additional mutations in other genes, such as CDKN2A and PTEN [10]. This was confirmed by
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the OncoPrint evaluation of melanoma genomic alterations obtained through the cBioPortal online
tool (Figure 4B). Following this approach, we extracted gene expression data of “MSCsign” of 237
samples from BRAFmut, 140 from RASmut, 76 from NF1mut and 205 from triple wild type subtypes.
This latter subtype is the most overlapping to the others as evident by the Venn Diagrams shown in
Figure 4C. These data were then subjected to hierarchical clustering to investigate whether a specific
melanoma subtype might particularly express one of the four clusters of “MSCsign”. Results shown as
heat-maps in Figure 4D demonstrate that the expression levels of the 25 genes are similar among the
four mutational subtypes. These findings were confirmed by principal component analyses which
demonstrated that the “MSCsign” is not able to distinguish a specific mutational subtype from the
others (Figure 4E). The raw data relative to gene expression levels are reported in Table S3.

1 
 

 

Figure 4 
Figure 4. Melanoma stem cell signature (“MSCsign”) expression levels evaluated according to
skin cutaneous melanoma mutational subtypes. (A) Cake graph representing the most common
mutational subsets of metastatic melanoma. (B) OncoPrint evaluation of distinct genomic alterations.
(C) Venn diagrams showing the overlapping of the patients belonging to the four mutational subtypes.
(D) Heat-maps of the expression levels of the 25 genes of “MSCsign” clustered according to the
mutational subsets. (E) Principal component analysis performed on the expression levels of “MSCsign”
in the four mutational subtypes. Data from https://www.cbioportal.org/.

Finally, we decided to investigate the prognostic potential of “MSCsign” in the aforementioned
mutational subtypes. Our results shown as Kaplan–Meyer curves demonstrated that the alteration of
the 25 genes is statistically correlated with the worst overall survival (OS) only in the specific subset
of BRAFmut melanoma patients (Figure 5). All data relative to OS are available as Table S4. Again,
these findings suggest the possibility that BRAFmut melanomas tend to activate specific clusters of
genes in order to escape treatments.
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Figure 5 

 

Figure 5. Kaplan–Meyer curves evaluating the prognostic value of “MSCsign” in the four mutational
subtypes of skin cutaneous melanoma. Data plotted from https://www.cbioportal.org/.

Hereafter, we performed a principal component analysis using the expression levels of “MSCsign”
from the skin cutaneous melanoma dataset in comparison with those of other six solid tumors (all data
coming from The Cancer Genome Atlas). They are: breast invasive carcinoma, lung adenocarcinoma,
ovarian serous cystadenocarcinoma, colon adenocarcinoma, glioblastoma multiforme and head and
neck squamous cell carcinoma. Principal component analysis results show that our molecular signature
distinguishes melanomas from all the other tumors (Figure 6A). Data were plotted through the online
software GEPIA [88]. Finally, we further refined the principal component analyses to the single clusters
belonging to “MSCsign”. Results shown in Figure 4B clearly demonstrate that cluster 2 genes are the
only ones able to fully distinguish cutaneous melanomas from all the other tumors. This is coherent
with the “melanoma-associated” feature of this signature. Differently, the other three clusters of
“MSCsign” commonly are segregated in the graphs for all the seven solid tumors tested (Figure 6B).
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Figure 6. Principal component analyses performed using the expression levels of (A) all the 25 genes
of “MSCsign” based on The Cancer Genome Atlas (TCGA) data and (B) divided according to the
four different clusters identified. SKCM = Skin Cutaneous Melanoma, BRCA = Breast invasive
carcinoma, LUAD = Lung adenocarcinoma, OV = Ovarian serous cystadenocarcinoma, COAD = colon
adenocarcinoma, GBM = Glioblastoma multiforme, HNSC = Head and Neck squamous cell carcinoma.
http://gepia.cancer-pku.cn/index.html.

3. Conclusions

Drug resistance virtually frustrates every kind of anti-neoplastic treatment. A paradigmatic
example is the development of resistance to MAPKi in BRAF-mutant melanomas. This phenomenon
is largely driven by the selection of cells with a slow cycling phenotype (which can alternatively be
called CSCs), which have therefore emerged as the key therapeutic targets for intervention.

In the present work we carried out a novel approach which allowed to identify a signature of
genes relevant for melanoma stem cell fitness, namely “MSCsign”. Those genes are correlated to
each other in a complex interactome and organized into four different clusters. We postulate that the
simultaneous inhibition of multiple effectors belonging to the aforementioned four clusters may be a
successful strategy to eradicate CSCs molecular roots. This hypothesis is supported by the finding
that alterations of the expression of genes belonging to “MSCsign” is associated with the worst OS for
BRAF mutated melanoma patients based on TCGA data.

Metabolic rewiring is a hallmark of resistance to MAPKi in melanoma. Consistent with this,
many genes of cluster 1 belong to metabolic signatures. As a matter of fact, the use of OXPHOS and
fatty acid inhibitors (see previous paragraph) potentiate MAPKi bypassing the dynamics between
fast cycling and slow cycling phenotypes. However, two important limitations emerged: (1) low
concordance in the molecular targets among studies and (2) results obtained only at single drug level.
To overcome this issue, a combined approach of mitochondrial inhibitors together with inhibitors of
MUFAs and FAO could be a successful strategy.
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Very recently, it has been reported that the inhibition of the fatty acid transporter FATP2 using the
specific inhibitor lipofermata reduces the accumulation of lipids and also challenges the mitochondrial
metabolism in an aged melanoma microenvironment. This allows the overcoming of age-related
resistance to MAPKi in melanoma mouse models [89]. This study paves the way to additional
combinatorial strategies using FATP2 inhibitors together with inhibitors of enzymes involved in
MUFAs synthesis, such as SCD itself.

Metabolic inhibitors may also be combined with additional druggable targets belonging to cluster
2, such as NFκB and mTOR. Interestingly, mitochondrial hyperfusion, a process that antagonizes
apoptosis is an adaptive response to mTOR inhibition [90] and may be overcome by the combination
with mitochondrial inhibitors. It is important to point out that while mTOR inhibitors, such as
rapamycin analogs (i.e., rapalog), have been approved in the clinic to treat cancer, NFκB inhibitors
efficacy as therapeutics is limited because of the host toxicity [91].

It is also worth considering the therapeutic opportunities provided by YAP/TAZ-TEAD inhibitors,
many of which are currently under clinical development. These compounds are divided into three
groups: (1) inhibitors of YAP/TAZ stimulators, (2) direct inhibitors of YAP/TAZ-TEAD and (3) drugs
blocking the oncogenic downstream YAP/TAZ transcriptional target genes [92].

Finally, CSCs may also be directly tackled thanks to the use of specific inhibitors of JARID1B [93]
despite in this case their clinical development being far from being successfully accomplished.

In summary, we believe that in order to cut the Gordian knot linking drug resistance with CSCs’
fitness in metastatic melanomas new therapeutic strategies will have to be rationally developed and
take into account the simultaneous targeting of multiple nodes in the limited key pathways identified.

4. Methods

4.1. Bibliographic Search

A bibliographic search was conducted through “PubMed” free resource supporting the biomedical
and life science research. Keywords used were: “melanoma stem cells”, “resistance to target therapy”,
“metabolic rewiring” and “phenotype switching”. In this way we found more than 3000 publications.
The list was refined according to the: (a) potential concordance in the genes identified among studies,
(b) most recent works (c) highly indexed journals (impact factor >7) and (d) studies taking advantages
of single-cell approaches. Thereby, a list of 25 top genes was obtained, namely “MSCsign”.

4.2. Interactomic and Clustering Plots

“MSCsign” was subjected to the Markov Cluster Algorithm [82] and four clusters identified:
(1) kinase and metabolic, (2) melanoma-associated, (3) Hippo pathway and (4) slow cycling/CSCs.
The same gene list was used to build a protein-protein interaction (PPI) network using the STRING
online database [83]. The minimum required interaction score used was >0, 4, 89 hedges were identified.
p-value < 1.0 × 10–16.

4.3. Mining TCGA Data of SKCM Dataset

The expression levels of the genes belonging to “MSCsign” were evaluated in 480 samples coming
from the skin cutaneous melanoma dataset using UALCAN software [84]. Those analyses were
refined according to the mutational status of melanoma patients extracting RNA-Seq data from skin
cutaneous melanoma dataset (TCGA, PanCancer Atlas) [85] available on the cBioPortal website [86,87].
mRNA Expression, RSEM (RNA-seq by expectation-maximization) (batch normalized from Illumina
HiSeq_RNASeqV2). Heatmaps wereplotted through the online tool Orange. Kaplan–Meyer curves
were used to estimate the prognostic values of “MSCsign” for each mutational subset.
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4.4. Principal Component Analyses

The expression levels of “MSCsign” from skin cutaneous melanoma dataset were subjected
to Principal Component Analysis (PCA) in comparison with other six solid cancers through
the online software GEPIA [88]. SKCM = Skin Cutaneous Melanoma, BRCA = Breast invasive
carcinoma, LUAD = Lung adenocarcinoma, OV = Ovarian serous cystadenocarcinoma, COAD = colon
adenocarcinoma, GBM = Glioblastoma multiforme, HNSC = Head and Neck squamous cell carcinoma.

4.5. Statistical Analyses

p-values were estimated using the log-rank test (significance p < 0.05).

4.6. List of the Online Tools Used

https://pubmed.ncbi.nlm.nih.gov/

https://string-db.org/

http://ualcan.path.uab.edu/index.html
https://www.cbioportal.org/

http://gepia.cancer-pku.cn/index.html
https://orange.biolab.si/
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Simple Summary: Interest in the involvement of the cholinergic system at the non-neuronal level
emerged in recent years, thereby allowing to identify different physiological and pathological processes
that acetylcholine and its receptors modulate in different tissues. The cholinergic system can also take
part in the activation and maintenance of pathological processes such as neurodegenerative diseases
and cancer. This review summarizes studies concerning the involvement of the cholinergic system in
different tumor isotypes, with a special focus on melanoma, the most lethal form of skin cancer.

Abstract: In the last two decades, the scientific community has come to terms with the importance
of non-neural acetylcholine in light of its multiple biological and pathological functions within
and outside the nervous system. Apart from its well-known physiological role both in the central
and peripheral nervous systems, in the autonomic nervous system, and in the neuromuscular
junction, the expression of the acetylcholine receptors has been detected in different peripheral organs.
This evidence has contributed to highlight new roles for acetylcholine in various biological processes,
(e.g., cell viability, proliferation, differentiation, migration, secretion). In addition, growing evidence
in recent years has also demonstrated new roles for acetylcholine and its receptors in cancer,
where they are involved in the modulation of cell proliferation, apoptosis, angiogenesis, and epithelial
mesenchymal transition. In this review, we describe the functional characterization of acetylcholine
receptors in different tumor types, placing attention on melanoma. The latest set of data accessible
through literature, albeit limited, highlights how cholinergic receptors both of muscarinic and nicotinic
type can play a relevant role in the migratory processes of melanoma cells, suggesting their possible
involvement in invasion and metastasis.

Keywords: cholinergic system; acetylcholine; muscarinic receptors; nicotinic receptors;
melanoma; cancer

1. Introduction

Non-Neuronal Acetylcholine

Acetylcholine (ACh) was the first molecule identified as a neurotransmitter operating through
two subgroups of receptors, namely muscarinic receptors (mAChRs) and nicotinic receptors (nAChRs)
(Tables 1 and 2). The presence of this neurotransmitter in different primitive organisms (e.g., bacteria,
protozoa, fungi, algae) highlights its relevance not only as mediator in the nervous system, but also as
a non-neuronal signaling molecule involved in the regulation of basic cell functions like proliferation,
differentiation, cell–cell contact, and secretion, thus making ACh phylogenetically, the oldest signaling
molecule [1–5].
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Table 1. Acetylcholine nicotinic receptors.

Types Class Subunits Structure Localization Signaling
Transduction

Nicotinic
Receptors Ionotropic

10 α subunits (α1-
α10), 4 β subunits
(β1 -β4), 1 δ, 1 ε,

1γ subunits

Pentameric
transmembrane
protein complex

Neurons, glia,
ganglia,

interneurons,
motor endplate,
immune cells

Voltage-gated
ion channels,
metabotropic

signals
(MAPK, PKC)

Table 2. Acetylcholine muscarinic receptors.

Subtype Signal
Transduction Localization Second

Messengers Function

M1 Gq, Gs, Gi
Brain, autonomic
ganglia, secretory

glands
IP3/DAG, NO slow EPSP and decreased K+

conductance

M2 Gi, G0
Brain, heart,
sympathetic
ganglia, lung

cAMP (↓)
reduce heart rate, control contractile

response, thermoregulation, cognitive
functions

M3 Gi, Gq
Brain, secretory
glands, smooth

muscles
IP3/DAG, NO

activation of phospholipase C,
phosphoinositide breakdown, and

inhibition of calcium-regulated
potassium channels

M4 Gi, Go Brain, lung cAMP (↓)
adenylate cyclase inhibition and

potassium channel regulation, acts as
inhibitory autoreceptor

M5 Gq

Midbrain,
the ventral

tegmental area
(VTA)

IP3/DAG, NO

phospholipid turnover, decrease of
cyclic AMP levels and

downregulation of the activity of
protein kinase A (PKA)

The importance of ACh as a modulator of different biological processes and the concept itself
of non-neuronal acetylcholine function, has been growing since the early 1970s, capitalizing on the
discoveries of functional cholinergic receptors in non-neural cells [6]. In particular, the muscarinic
receptors have been identified in various organs such as retina [7], lymphocytes [8], spleen [9],
adrenal gland [10] and stomach [11]. In the same years, the expression of nicotinic receptors was
first documented outside of the nervous system [12]. Locating acetylcholine receptors in different
districts has moved in synchrony with identifying the roles played by the latter at non-neuronal level.
In this context, it was demonstrated during sea urchin embryogenesis how ACh acts as a morphogen,
controlling cell migration and regulating basic cell functions including growth, survival, differentiation,
and apoptosis [13,14]. It is also relevant to note that in several tissues, AChRs are not just a target of
ACh-deriving from nervous system innervation. In fact, several non-neuronal cells appear able to
synthesize and release ACh autonomously, highlighting possible autocrine/paracrine effects mediated
by non-neuronal ACh [15,16]. The involvement of ACh in non-neuronal functions was also supported
by the demonstration of the cholinergic modulation of the inflammatory states. Several authors reported
lymphocytes, dendritic cells, and macrophages clearly express cholinergic components sufficient to
constitute their own cholinergic system, and that immune cells and peritoneal macrophages express all
five muscarinic receptors and several nAChR subunits. Furthermore, during immunological reaction,
stimulated T cells and dendritic cells have the ability to synthesize and release ACh, which in turns
acts in an autocrine–paracrine manner on muscarinic or nicotinic receptors expressed in the immune
cells, modulating the immune response and inflammatory processes. The same evidence indicates
that ACh is able to inhibit the release of tumor necrosis factor and IL1 from macrophages via the
activation of nicotinic receptors, thus highlighting the existence of a cholinergic anti-inflammatory
pathway [17–19]. Lastly, the microglial cells in the central nervous system are also able to respond
to ACh stimulation, inhibiting the release of TNF-α. These data also suggest the existence of a
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“brain cholinergic anti-inflammatory pathway,” mediated by α7 nicotinic receptors, which may become
of interest in the treatment of the neuroinflammation, typically established by neurodegenerative
processes [20,21]. Similarly, in the tumor cells, the ACh can be synthesized and released locally
in the tumor bulk and actively participate in tumorigenesis processes [22,23]. Specifically for the
epithelial cells, the first discovery of acetylcholine production in the epithelial cells came in 1983,
thanks to the study conducted by Mark [24] on salivary glands of rats, which continued to produce
large amounts of ACh despite denervation. Subsequently, it has been proved that human epidermal
keratinocytes possess cholinergic enzymes, which synthesize and degrade acetylcholine, and express
both nicotinic and muscarinic classes of cholinergic receptors on their cell surfaces. Consequent to
ACh release, these receptors are able to initiate a cell response [25]. Furthermore, epidermal and
gingival keratinocytes express the M1–M5 and M2–M5 mAChR subtypes, respectively, as well as the
α3, α5, α7, α9, and β2 nAChR subunits [26–28]. ACh synthesized by and released from keratinocytes
acts on both mAChRs and nAChRs in an autocrine and/or paracrine manner, modulating basic cell
functions in the skin, including keratinocyte proliferation, differentiation, adhesion and migration,
as well as epidermal barrier formation. Similarly, ACh is required to sustain viability also of the
keratinocytes in vitro [29]. Chernyavsky and collaborators demonstrated that keratinocyte migration
is modulated by distinct muscarinic acetylcholine receptor subtypes. Additional studies showed that
M4 receptor increased the expression of “migratory” integrins, whereas M3 receptor upregulated
“sedentary” integrins, demonstrating that the M3 muscarinic receptor is able to inhibit the migration
via the guanylyl cyclase–cyclic GMP–protein kinase G signaling pathway [30]. Based on these data,
it appears evident that the role of ACh should be largely reconsidered, both at physiological and
pathological level. A deeper knowledge of the mechanisms through which ACh mediates its effects
may open to new perspectives for the development of therapeutic protocols for different pathologies.

2. Cholinergic Receptor Subtypes: Structure and Function

2.1. Nicotinic Acetylcholine Receptors

The nAChRs are fast ionotropic cationic acetylcholine receptors that mediate the fast-synaptic
transmission, whose activation is extremely quick (msec to sub-msec) [31,32]. They are pentameric
transmembrane protein complexes, formed by five receptor subunits that enclose a central ion
channel [33]. At present, several subunits have been identified and characterized, comprising 10 α
subunits (from α1 to α10), 4 β subunits (from β1 to β4), 1 δ, and 1 ε or 1γ subunits [17]. Among all
nAChR subunits, the α8 subunit is the only one not present in human cells [34]. In neurons, the nAChRs
can be homopentamers formed by α7, α8, and α9 subunits or heteropentamers formed by combination
of α and β subunits. In muscle, functional heteropentamer consists of two α subunits and one of each
β, γ, and δ subunits. All the nAChRs show permeability to various cations, such as Na+, Ca2+ and K+,
with α7 nAChR displaying the highest permeability for the Ca2+. In fact, the binding of nAChRs to
acetylcholine or nAChRs agonists leads to membrane depolarization and opening of voltage-gated ion
channels, resulting in ion influx and efflux [31]. The channel activity is the first step in the activation
of these receptors, which leads subsequently to a number of other intracellular events and various
downstream signaling pathways, such as activation of mitogen-activated protein kinase (MAPK),
protein kinase C, and vascular endothelial growth factor, depending on the nAChR subtype and the
cell-type involved [35].

Involvement of Nicotinic Acetylcholine Receptors in Cancer

As previously described, the nicotinic acetylcholine receptors are expressed not only in the neuronal
system, but also in numerous non-neuronal tissues such as skin, pancreas, and lung, thus suggesting a
role in other biological processes in addition to synaptic transmission. Specifically, these receptors were
found to play a role in the regulation of cellular processes such as cell proliferation and cell death [36].
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It is known that a dysregulation of nAChRs is associated with neurological disorders such as
Alzheimer, Parkinson’s disease, and schizophrenia [37]. Moreover, studies performed in lung cancer
highlighted that the activation of the nAChRs pathways may affect cell proliferation, apoptosis,
angiogenesis, and epithelia mesenchymal transition (EMT), supporting a pro-invasive phenotype [38].
Crucial for this discussion is that cancer cells can synthesize ACh, promoting tumorigenesis through
AChRs in the absence of nicotine or other agonists. The release of acetylcholine was first demonstrated
in small-cell lung cancer (SCLC) and expression of choline acetyltrasferase was found in different
SCLC cell lines. Acetylcholine released was inhibited by vesicular ACh transporter (VAChT) inhibitor,
vesamicol, in a dose-dependent manner, suggesting a vesicular ACh release also in non-neuronal
tissues [39]. Similar findings were also reported in colon and gastric cancer models. In particular,
in gastric cancer, acetylcholine production promoted cell growth in a dose-dependent manner,
and acetylcholine-stimulated cell proliferation was abolished by AChRs antagonists. Similarly,
colon cancer cells can release the self-produced acetylcholine, which promoted cell viability in an
autocrine manner [40]. The pathways activated in cancer processes by α7-nAChR activation-nicotine
mediated are generally Ras/ERK/MAPK and JAK2/STAT/-PI3K pathways, leading to cancer cell
proliferation and migration as demonstrated in lung cancer cells [41,42].

2.2. Muscarinic Acetylcholine Receptors

The other class of acetylcholine receptors is represented by muscarinic receptors, which belong to
the class of heptaelical G protein-coupled receptors and consist of five subtypes (M1–M5). Like all
the G protein-coupled receptors, they share a structure composed of seven transmembrane helices
(TM1–TM7) connected by three intracellular (i1–i3) and three extracellular (e1–e3) loops. The receptor
activation occurs always via coupling to heterotrimeric guanine nucleotide-binding proteins and
subsequent kinases activation or ion channel activity regulation [43,44].

The odd muscarinic receptors, M1, M3, and M5, are coupled to the Gq11 protein, which stimulates
the IP3 hydrolysis and the intracellular calcium mobilization. They also modulate phospholipase A2
and phospholipase D in different cell lines and primary cultures [45–47]. M2 and M4 receptors are
coupled with the Gi protein, which inhibits adenylate cyclase activity, thus reducing cAMP intracellular
levels. They are also able to modulate the activity of K+ channels. Muscarinic receptor subtypes
can also activate small G proteins, such as Rho GTPase and recruit new effectors including IP3K and
MAPK/ERK kinases. These last signaling pathways appear to play important roles in the control of cell
growth and proliferation, as suggested by studies on glial cell primary cultures [48–54]. Moreover these
receptors play a strategic role in the control of relevant physiological functions [55,56]. Generally,
M2Rs in central nervous system (CNS) are inhibitory auto- or heteroreceptors, regulating several
processes such as thermoregulation, cognitive functions, behavioral flexibility, and memory [57–60].
In the last years, the involvement of these receptors has also been investigated in different neurological
pathologies such as Alzheimer’s and Parkinson’s diseases, which are characterized by significant
reduction of M1 mAChRs expression [59,60]. The M3 muscarinic receptor (M3R) is located in different
districts in the body, e.g., smooth muscles, endocrine and exocrine glands, lungs, pancreas, and brain.
Their localization in the brain is relevant in hypothalamus and brainstem [61]. These receptors
are highly expressed on pancreatic beta cells and are critical regulators of glucose homeostasis by
modulating insulin secretion [62]. M3R mediates the ACh functions in the central and peripheral
nervous system, with various relevant physiological functions. However, peripheral M3Rs are
critical in mediating ACh functions in smooth muscle and glandular tissues [63–65]. The M4R is
primarily located in the CNS and belongs to the family of Gi/o protein-coupled receptors [66,67].
M4R activation through adenylate cyclase inhibition, and potassium channel regulation, acts as
inhibitory autoreceptor [68,69]. Dysregulation of M4R may cause different types of mental disorders
such as schizophrenia, and neurodegenerative disorders, such as Parkinson’s and Alzheimer’s
diseases [60,68]. The last muscarinic subtype, M5 receptor (M5R), belongs to the Gq protein-coupled
receptor family [70]. The M5R is expressed in terminals of dopaminergic neurons. It is the only
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muscarinic receptor located in the ventral tegmental area (VTA), where it regulates the dopamine and
glutamate release from midbrain projections [71–75]. It has also been proved via M5R-deficient mouse
that the activation of M5R causes reduction of cerebral vascular tone, demonstrating the ability of
AChRs to mediate the cerebral vessel dilation [76–78].

Involvement of Muscarinic Acetylcholine Receptors in Cancer

The distribution of all mAChRs in different tissues, such as nervous system [79], gastrointestinal tract [80],
urinary bladder [81,82], heart [83], lung [84], vessels [85], and smooth muscle [86], are largely documented.
Considering their involvement in different physiological processes, the alterations of their distribution or
function is frequently associated with various pathologies including cancer. In particular, evidence produced
in recent years has indicated a dysregulation of mAChRs in various types of human malignancies including
breast, colon, prostate, and brain cancers (Table 3) [21,87–90].

The M1 receptor is involved in the progression of the prostate cancer, where it regulated cell
migration and invasion through hedgehog signaling regulation [91–94].

Table 3. Muscarinic receptors involved in cancer.

Subtype Type of Cancer Function Signaling
Pathways References

M1 Prostate Cancer Tumor cell migration and invasion Hedgehog [91–94]

M2

Glioblastoma,
Neuroblastoma,
Breast Cancer,

Urothelial Bladder
Cancer

Inhibition of cell proliferation,
survival, migration, and

chemoresistance
Notch1/EGFR [95–101]

M3
Colon Cancer,

Ovarian Cancer,
Breast Cancer

Growth and progression of tumor,
poor prognosis

ERK1/2 and AKT;
EGFR [102–105]

M4 Oral cancer Induction of cell migration SFKs and ERK1/2 [106]

An inhibitory effect on tumor progression was demonstrated for M2 receptor subtype. In particular
in human glioblastoma, the M2 receptor stimulation by the preferential orthosteric agonist arecaidine
propargyl ester, was reported to inhibit cell proliferation and survival in stable cell lines and in
glioblastoma cancer stem cells isolated from human biopsies [92–98]. The same effect has been
described in neuroblastoma cell lines [99], in urothelial bladder cancer cells [100], and in breast
cancer [101].

Several data were reported on the role of the M3 muscarinic receptor in promoting tumor cell
growth, invasion, migration and angiogenesis in different tumor types such as lung, breast, ovarian,
and brain cancers [107]. In particular, data on lung cancer demonstrated a direct correlation between
lung cancer metastasis/poor prognosis and the levels of M3 receptor [108]. Interestingly, research by
Hua and collaborators proved that R2HBJJ, a novel mAChRs antagonist, can block the cholinergic
autocrine loop in non-small-cell lung cancer, antagonizing the M3 receptors [109]. M3R is also
involved in growth and progression of several tumors when co-expressed with epidermal growth factor
receptor (EGFR) [92–94]. The activation of M3R results in transactivation of EGFR, thus promoting
cell proliferation and inducing phosphorylation of ERK1/2 and AKT; conversely EGFR inhibition
arrests the acetylcholine-induced gastric cancer proliferation [110–112]. In ovarian and breast cancers,
the expression of M3R promotes cell viability via ERK1/2 activation; in fact, its expression is directly
correlated with poor prognosis [102–105]. To date, there are limited data on M4 and M5 receptors
in cancer. M4R has been described to be involved in the migration of oral cancer cells through the
downstream signaling effectors, including SFKs and ERK1/2 [102]. Conversely for M5R, no data are
at least available. Probably the lack of information concerning the role of M5R in cancer may in part
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depend on the absence of selective pharmacological ligands able to activate or block the activity of
this receptor.

3. Melanoma

In 2012, 67,753 people were diagnosed with melanoma and 9251 individuals died from this type of
tumor [103]. At the start of 21st century, melanoma remains a potentially fatal malignancy. Deaths from
melanoma represent more than 75% of all skin cancer deaths [104–106,113]. Although the incidence
of melanoma is low, as it represents only 1% of all malignant skin tumors, malignant cutaneous
melanoma still represents the most aggressive and deadly form of skin cancers, affecting mainly
the Caucasian population. Moreover, once metastatic, the prognosis is usually rather poor [105].
Fortunately, the increase of the molecular knowledge concerning the development of this type of cancer
is allowing enormous progress towards the improvement of new targets and immunotherapies.

Melanoma arises from genetic mutations in melanocytes, the cells producing the cutaneous
pigment, which can be found in the skin, eye, inner ear, and leptomeninges [114,115].

In relation to clinical and histological features, melanoma can be divided into three main subtypes:
superficial spreading melanoma (SSM), nodular melanoma (NMM), and lentigo malignant melanoma
(LMM) [114].

Superficial spreading melanoma is the most common type that accounts for 70% of the cases
approximately. SSM may arise de novo or in association with a nevus [114]. Nodular melanoma
accounts for 5% of melanomas and is more common in males than females. NMMs are often ulcerated.
It does not have a radial growth phase, but only a vertical growth phase correlated with more rapid
growth and higher rate of metastasis. Histologically, NMM is characterized by a predominance of
dermal invasive tumor cells [114]. Lentigo malignant melanoma accounts for between 4% and 15%
of cutaneous melanomas and, unlike NMM and SSM, correlates with long-term sun exposure and
increasing age. LMM may evolve for decades before invading the papillary dermis. Histologically, it is
characterized by a proliferation of cells that are in the basal layers of the epidermis [114]. Over the
past years, several therapies have been approved by the US Food and Drug Administration (FDA)
for melanoma treatment [116–118]. Depending on the features of the tumor (e.g., location, stage,
genetic profile), the therapeutic protocol may require surgical resection, chemotherapy, radiotherapy,
photodynamic therapy (PDT), and immunotherapy. For patients with stage I–IIIB melanoma, surgery is
the primary treatment [118]. At present, there are two kinds of limitations in melanoma therapy.
The first one is associated with adverse events, which are commonly linked to toxicity at the level of the
skin or gastrointestinal tract, as well as immune reactions. The second one could be a reduced efficiency,
which can occur due to resistance to chemo- or intra-lesion therapies [119]. Recently, new therapeutic
targets have emerged from studies of the genetic profile of melanocytes and from the identification of
molecular factors involved in the pathogenesis of the malignant transformation of the melanocytic
cells [120–122]. In this context, it is critical to further investigate how those mechanisms may contribute
to melanoma pathogenesis and progression. Hereafter, we summarize studies reporting the role of
the ACh and cholinergic receptors in melanoma (Table 4), in order to better define the molecular
mechanisms influencing melanoma pathobiology and to identify new possible targets for the treatment
of this neoplasia.

Table 4. Receptor subtypes involved in melanoma progression.

Receptor
Subtype Cell Lines Pathway Involved Function Reference

α5 M14 and A375 AKT/Notch-Hes
ERK1/2

Cell proliferation
Cell migration [123]

α9 A375, A2058, and
MDA-MB 435

STAT3
PD-L1

Cell proliferation
Cell migration [124]

M3 SK-Mel 28 Not investigated Positive modulation of migration [125]
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4. Acetylcholine Receptors in Melanoma

4.1. The Nicotinic Receptors in Melanoma

The nicotinic receptors have been studied in melanoma cells, highlighting the presence of
multiple subunits such as α5/α9 / α3/ β4 [123,124,126,127]. Alpha-5 nicotinic receptors (α5-nAChR),
one of the homopentameric nicotinic receptors, have been identified in different forms of solid
tumors. Performing an immunocytochemical analysis, it has been demonstrated that the expression of
α5-nAChR is significantly increased in human melanoma tissue and melanoma cell lines, compared with
normal human skin tissue [123]. The mechanism of action has been identified very recently; via the
knockdown of the α5-nAChR expression in melanoma cells, it has been demonstrated that this receptor
positively modulates cell proliferation, migration, and invasion. Moreover, the silencing of α5-nAChR
has also demonstrated that PI3K-AKT and ERK1 are the signaling pathways activated downstream
from the α5 receptors activation. Interestingly, a cross-interaction between α5 and Notch-1 pathways
has also been reported. In particular, in absence of α5 receptors, the expression of Notch-1 and
Hes1, the main gene downstream Notch activation, was significantly downregulated [124]. These data
suggest that α5 nAChR may promote melanoma cell proliferation and metastasis through activation of
AKT pathway—Notch1 mediated [124]. In addition, α9-nAChR has proven to be largely involved in
promoting cancer progression both in vitro and in vivo [126,127]. In agreement with that observed
in the breast cancer, α9-nAChR was also studied in melanoma. Similar to that observed in the case
of α5 receptors, α9-nAChR expression was also expressed at higher levels in melanoma cells than
in melanocytes. Interestingly, a first association of α9-nAChR expression with clinical-pathological
features of patients affected by melanoma (e.g., clinical staging, lymph node status) was recently
described [126]. In comparison with a proliferative phenotype, the mRNA levels for α9-subunit were
higher in melanoma cells with the invasive phenotype than in those with the proliferative phenotype;
this result was confirmed by comparing a metastatic patient group with a primary patient group.
The α9-nAChR overexpression in melanoma cells has also demonstrated an increase in cell proliferation
and migration; conversely, the suppression of α9-nAChR expression or activity significantly inhibited
these events. Taken together, these findings suggest that α9-nAChR expression is not only relevant
to melanoma growth and metastasis, but it represents a potentially unfavorable prognostic factor in
melanoma patients [126].

Microarray studies and database analysis have suggested in melanoma a co-expressed upregulation
of α9-nAChR and PD-L1, a protein overexpressed in melanoma cells and involved in in the regulation
of EMT, cancer stemness, tumor development, metastasis formation, and resistance to therapy [127].
The silencing of α9-nAChR and overexpression studies have demonstrated a tight correlation between
α9 and PD-L1 expression, suggesting that α9-nAChR may promote melanoma migration through the
regulation of PD-L1 [126,127].

Albeit α9-nAChR receptor was not indicated as a prognostic factor for melanoma,
different missense mutations causing an altered function of this receptor have been identified. At least
82 different mutations (in particular, 62 are nonsense mutations) have been described in various kinds
of melanoma tumors (see www.cBioPortal.org).

4.2. Muscarinic Receptors in Melanoma

The muscarinic receptors are expressed during embryonic development by migrating neural
crest cells, some of which are precursors of melanocytes [128]. Once the melanocytes differentiate,
they lose the expression of the mAChRs [129] and, in the skin, only the keratinocytes maintain the
expression of these receptors [29]. Interestingly, the expression of mAChRs has been demonstrated in
human melanomas [129], suggesting that the tumorigenesis processes in melanoma could require the
reactivated expression of these receptors.

Immunolocalization data obtained in melanoma cell lines demonstrated the presence of cholinergic
markers such as choline acetyltransferase (ChAT) and acetylcholinesterase (AChE) (ACh biosynthetic
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and degradative enzymes, respectively), demonstrating that melanoma cells may synthesize and
degrade ACh in an autonomous manner. Moreover, M3R expression at protein level was evidenced
by the use of a specific antibody for M3 receptor. In addition, the presence of mRNA for M3 and M5
subtypes was reported, indicating that melanoma cells express mainly M3 subtype and probably also
M5 receptor [129].

Calcium is the second messenger associated with the transduction pathway downstream from
the cholinergic activation of the M1, M3, and M5 receptor subtypes. In melanoma cells, fluorometric
measurements with Fura-2 have shown that in the presence of the ACh mimetic carbachol (CCh),
there was an increase of intracellular Ca2+ concentration, indicating the functional activity of these
receptors [125].

A chemotaxis measurement assay was also performed on these cells using the Boyden chamber.
The melanoma cells were placed in the upper chamber in the absence or in the presence of carbachol
and/or atropine (selective muscarinic antagonist), while the chemotactic agent fibronectin was placed
in the lower chamber. The time taken by the cells to migrate from the upper to the lower chamber was
measured as a chemotactic power of the agent used. It was observed that the addition of carbachol in
the upper chamberm increased chemotaxis by 30%, while atropine inhibited it [130]. The migration of
these cells was also observed in the presence of CCh or ACh using digital video microscopy; in this
condition over a defined time interval, 30% of the cells showed cell body contraction and cell process
retraction of more than 5 µm. Once again, the administration of atropine inhibited this contraction and
retraction, indicating that the effects observed were mediated by muscarinic receptors [130].

All these evidences clearly suggest that the cholinergic activation of mAChRs on melanoma cells
modulates cell migration and that, in general, their expression may be required to control invasion
and metastasis formation. This may prompt the potential use of M3 antagonists to inhibit melanoma
growth and metastasis, albeit this remains to be further determined. Although the M3 muscarinic
receptor subtype function has been well characterized, the presence and role of other muscarinic
receptor subtypes have not been thoroughly investigated in melanoma. Whilst a faint expression of
M5 subtype has been described in the melanoma cells, its function remains at least unknown [130].

5. Conclusions

The data presented in this review clearly indicate the relevant roles played by cholinergic receptors
in the cancer [21]. Comprehensive data have been reported in relation to different tumor types,
such as colon and urothelial cancers [100], glioblastoma [92–98], neuroblastoma [99], and breast
cancer [101]. Unfortunately, studies reporting the role of cholinergic receptors in melanoma are, at
this stage, still limited. However, the effects mediated by M3/M5 muscarinic receptors and α5/α9
nicotinic receptors in different melanoma cell lines suggest that these receptors are involved in the
modulation of cell proliferation and migration. In particular, the cell migration mediated by cholinergic
receptor appears to be a function that melanoma cells recover from embryogenesis, considering that
the precursors of melanocytes use the cholinergic stimuli to modulate their migration [125,128–130].
Although the knowledge on cholinergic system functions should be further investigated, in particular
for melanoma cells obtained from human biopsies, it appears evident that acetylcholine and its
receptors play an important role in tumor processes, whose better understanding could help to identify
new and interesting therapeutic tools for different tumors, including melanoma.
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Simple Summary: Immunotherapy revolutionized the treatment of cutaneous melanoma and greatly
improved treatment outcomes in this group of patients. Mucosal melanoma is a rare disease,
biologically distinct from the cutaneous subtype. There is little real-world data on immunotherapy
efficacy in mucosal melanoma. Therefore, we aimed to analyze and describe experiences in mucosal
melanoma treatment in five high volume oncology centers in Europe. Furthermore, we evaluated
if concomitant radiotherapy may improve the outcomes of these patients. We conclude that
immunotherapy with anti-PD1 antibodies is a safe and effective treatment of mucosal melanoma.
Concomitant radiotherapy may be beneficial in a selected subgroup of patients with advanced
mucosal melanoma.

Abstract: Mucosal melanoma is a rare disease epidemiologically and molecularly distinct from
cutaneous melanoma developing from melanocytes located in mucosal membranes. Little is known
about its therapy. In this paper, we aimed to evaluate the results of immunotherapy and radiotherapy
in a group of patients with advanced mucosal melanoma, based on the experience of five high-volume
centers in Poland and Italy. There were 82 patients (53 female, 29 male) included in this retrospective
study. The median age in this group was 67.5 (IQR: 57.25–75.75). All patients received anti-PD1
or anti-CTLA4 antibodies in the first or second line of treatment. Twenty-three patients received
radiotherapy during anti-PD1 treatment. In the first-line treatment, the median progression-free
survival (PFS) reached six months in the anti-PD1 group, which was statistically better than 3.1 months
in the other modalities group (p = 0.004). The median overall survival (OS) was 16.3 months
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(CI: 12.1–22.3) in the whole cohort. Patients who received radiotherapy (RT) during the anti-PD1
treatment had a median PFS of 8.9 months (CI: 7.4–NA), whereas patients treated with single-modality
anti-PD1 therapy had a median PFS of 4.2 months (CI: 3.0–7.8); this difference was statistically
significant (p = 0.047). Anti-PD1 antibodies are an effective treatment option in advanced mucosal
melanoma (MM). The addition of RT may have been beneficial in the selected subgroup of mucosal
melanoma patients.

Keywords: mucosal melanoma; nivolumab; pembrolizumab; ipilimumab; radiotherapy

1. Introduction

Mucosal melanoma (MM) is a rare disease epidemiologically and molecularly distinct
from cutaneous melanoma (CM) developing from melanocytes located in mucosal membranes.
Overall, MM represents about 1 to 1.5% of all melanoma cases and 0.03% of all diagnosed cancers [1–3].
MM incidence has been reported globally stable over the last 20 years [4,5]. MM is diagnosed
twice more often in Caucasians than in populations with darker skin colors, including African
Americans [6,7], but much rarer than in the Asian population. The risk of developing MM increases
with age. The majority of patients diagnosed are 60 years of age and older. The median age at diagnosis
is 70 years, except for MMs arising in the mouth that affect younger patients more frequently [6,8].
Anatomically, it is mostly diagnosed on the mucous membranes of the head and neck (31% to 55%),
anus and rectum (17% to 24%) or the vulva and vagina (18% to 40%) and less frequently in the colon,
throat, larynx, lungs, urinary tract, cervix, esophagus or gallbladder [3,8,9]. The incidence of MM
is over 80% higher in women than in men due to the relatively high number of genital melanomas
diagnosed in women [3]. Risk factors for developing MM are currently unknown since ultraviolet
(UV) radiation and viral etiology—cytomegalovirus, Eppstein-Barr virus, human papillomavirus,
human herpesvirus—have also been excluded. In MM, no environmental exposures nor carcinogenic
viruses have been found pathogenic [10–14]. Unlike cutaneous melanoma, which is characterized
by a UV signature, MM harbors distinct molecular features, including a lower incidence of v-Raf
murine sarcoma viral oncogene homolog B (BRAF) oncogene mutations but a higher incidence of
tyrosine-protein kinase KIT (CD117) oncogene mutations, suggesting different genetic etiologies.
In general, MM harbors fewer nucleotide substitutions per cell than CM, but more gene amplifications
and structural variants than CM; the cause of this chromosomal instability has not yet been clarified [3].

Mucosal melanomas are generally diagnosed in an advanced stage, though they are more
aggressive and carry a worse prognosis regardless of the stage at diagnosis. The five-year overall
survival (OS) rate for MM is only 25% regardless of stage [15]. Poor treatment results and shorter
survival may be associated with a lack of early symptoms or signs, resulting in advanced disease at
the time of diagnosis. Insidious anatomical localization, and often amelanotic presentation, result in
difficult visual detection and challenging resections with wide, or even negative, margins impossible
to achieve. Moreover, rich lymphatic drainage from the mucosal surfaces promote metastases [3,8,15].
MM metastases most often develop in the lungs (54%), liver (35%) and bone (25%) [16].

Due to its rare occurrence, undefined etiopathogenesis and unpredictable clinical course, there are
no specific recommendations of MM treatment. Both the European Society for Medical Oncology
(ESMO) and National Comprehensive Cancer Network (NCCN) guidelines focus on the important
role of surgery and radiotherapy (RT) in this group of patients [2,17]. The preferred therapeutic
strategy in MM is still surgical excision. Perioperative RT improves local control but does not improve
overall survival (OS), probably because of the high rate of distant relapse [18–20]. RT with definitive
intent can also provide satisfactory local control. Definitive RT should be considered in patients
who are not candidates for extensive surgery or in cases where adequate resection margin cannot be
achieved [21]. Proton therapy and heavy ions deserve special attention [22]. In a retrospective analysis
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of a cohort of patients with sinonasal MM, the authors observed a 62% five-year local control rate
for proton therapy [23]. The understanding of multimodal treatment in MM comes mostly from CM
data extrapolation. Phase III clinical trials focused only on MM patients are lacking. Phase III trials
with all melanoma patients, regardless of subtype, do not provide satisfactory data on MM due to the
low number of cases enrolled. The real-world data on the efficacy of antiprogram med cell death 1
(PD-1) therapies in patients with MM are scarce. Although a growing number of studies suggest the
significant benefit of RT as a boost for immunotherapy (ITH) in CM, such observations in MM have not
been reported. Therefore, this study aims to assess the efficacy of systemic therapy with the emphasis
on ITH in the MM patient population treated outside of clinical trials, and to define the efficacy of the
immunotherapy-radiotherapy combination in MM.

2. Results

2.1. Cohort

Eighty-two patients from the participating centers who met inclusion criteria were enrolled.
The clinicopathological characteristics of patients and tumors are summarized in Table 1. The median
follow-up, as estimated by the reverse Kaplan-Meier method, was 29.0 months (CI: 19.1–41.7). At the
time of data analysis—August 2020, 30 (37%) patients remained alive on the treatment or in follow up.
It is worth mentioning that in fourteen (17.1%) cases, the systemic treatment was initiated due to
unresectable tumors without distant metastases (with the majority of cases in the head and neck
region—ten). MM, located in the genitourinary system, was predominantly present in females
(female to male ratio = 21:1); no such differences were observed in any other location. The BRAF V600
mutation was detected in 4/33 patients from the head and neck region and in 1/49 patients in other
locations (rectum).

Table 1. The clinicopathological characteristics of patients.

Variable Value Number (Percentage)

n 82 (100)

Sex (%) female 53 (64.6)
male 29 (35.4)

Age (median [IQR]) 67.50 [57.25, 75.75]

BRAF V600 mutation(%) negative 77 (93.9)
positive 5 (6.1)

Disease stage at the start of the treatment (%)

Localized, nonresectable disease 14 (17.1)
M1a 6 (7.3)
M1b 14 (17.1)
M1c 43 (52.4)
M1d 5 (6.1)

LDH at the start of the first-line (%)
Normal 43 (52.4)

Over ULN 31 (37.8)
Unknown 8 (9.8)

ECOG score at the start of first-line(%) 0 40 (48.8)
1+ 42 (51.2)

Localization (%)
Gastrointestinal system * 27 (33.0)

Genitourinary tract 22 (26.8)
Head and neck region 33 (40.2)

First-line treatment (%)

BRAFi+/-MEKi inhibitor 1 (1.2)
Chemotherapy 5 (6.1)

Anti-CTLA-4 antibody 13 (15.9)
Anti-PD1 antibody 63 (76.8)

Nivolumab 39 (47.6)
Pembrolizumab 24 (29.2)
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Table 1. Cont.

Variable Value Number (Percentage)

The best response to the first-line (%)

Complete response 4 (4.9)
Partial response 15 (18.3)
Stable disease 25 (30.5)

Progressive disease 37 (45.1)
Not evaluable 1 (1.2)

LDH at the start of the second-line (%)
Normal 14 (32.6)

Over ULN 17 (39.5)
Unknown 12 (27.9)

ECOG score at the start of second-line (%)
0 14 (32.6)

1+ 23 (53.4)
Unknown 6 (14.0)

Second-line treatment (%)

Chemotherapy 6 (7.3)
Anti-CTLA-4 antibody 21 (25.6)

Imatinib 1 (1.2)
Anti-PD1 antibody 15 (18.3)

None 39 (47.6)

The best response to the second-line (%)

Complete response 2 (4.7)
Partial response 1 (9.3)
Stable disease 11 (25.6)

Progressive disease 25 (58.1)
Not evaluable 1 (1.2)

Brain metastases at the start of treatment (%) Absent 77 (93.9)
Present 5 (6.1)

Liver metastases at the start of treatment (%) Absent 61 (74.3)
Present 21 (25.6)

Number of organs involved at the start of
treatment (%)

1 38 (46.3)
2 23 (28.0)
≥3 21 (25.6)

Radiotherapy during anti-PD1 treatment (%) Not performed 65 (79.3)
Performed 17 (20.7)

* comprised of 23 cases of anorectal mucosal melanoma (MM), two cases of esophageal MM, one case of stomach
MM, and once case of MM in the gall bladder. IQR—interquartile range, LDH—lactate dehydrogenase, MEKi—MEK
inhibitor, ULN—upper limit of normal, ECOG—Eastern Cooperative Oncology Group.

2.2. Treatment

The summary of administered systemic treatment is shown in Table 1. Most of the patients
received anti-PD1 ITH in the first line (n = 63, 76.8%). Progression of the disease on the first-line
treatment was observed in 63 patients, including 44 treated with anti-PD1 ITH. After progression of the
disease (PD), forty-three patients (68%) were eligible for second-line therapy. Among those patients,
21 received ipilimumab, while 15 patients received anti-PD1 ITH antibodies. Overall, only five patients
did not undergo anti-PD1 treatment.

2.3. Response

In the first-line treatment, OR and disease control (DC) were observed in 16 (25%) and 37 (59%)
patients in the anti-PD1 ITH group (n = 63); and 3 (15%) and 7 (37%) patients in the other treatments
group (n = 19), respectively. In the second and subsequent treatment lines, OR lasting longer than one
year was observed only in two patients in the ipilimumab group (n = 21), and in four patients treated
with anti-PD1 ITH (n = 15).

In the second and subsequent treatment lines, DC was observed in six patients in the ipilimumab
group (n = 21) in eight patients in the anti-PD1 ITH group (n = 15), two patients treated with
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dacarbazine-based chemotherapy and one treated with imatinib. The duration of response to anti-PD1
ITH has been visualized as a swimmer plot in Figure 1.Cancers 2020, 12, x FOR PEER REVIEW 6 of 16 
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represents a case; arrows represent an ongoing response. LDH level = lactic dehydrogenase activity 
at the start of treatment. overULN = over upper limit normal. RTH intent = intention of radiotherapy. 
Oligo = radiotherapy due to oligometastatic/oligoprogressive disease. Radiotherapy after progressive 
disease according to Response Evaluation Criteria in Solid Tumours (RECIST) 1.1 is not shown. 
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Variable Value HR for OS (Univariable) HR for PFS 
(Univariable) 

Age Per one-year change 1.01 (0.98–1.03, p = 0.579) 1.01 (0.99–1.03, p 
= 0.436) 
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female - - 

male 1.83 (1.05–3.21, p = 0.034) 
1.35 (0.81–2.26, p 

= 0.255) 

BRAF V600 mutation negative - - 

Figure 1. Swimmer plot for the duration of response to the anti-PD1 immunotherapy. Each bar
represents a case; arrows represent an ongoing response. LDH level = lactic dehydrogenase activity at
the start of treatment. overULN = over upper limit normal. RTH intent = intention of radiotherapy.
Oligo = radiotherapy due to oligometastatic/oligoprogressive disease. Radiotherapy after progressive
disease according to Response Evaluation Criteria in Solid Tumours (RECIST) 1.1 is not shown.

2.4. Progression-Free Survival

In the first-line treatment, the median progression-free survival (PFS), 12-month and 18-month
PFS rate reached six months (CI: 3.8–10.8), 33% (CI: 23–48%) and 25% (CI: 16–41%), respectively, in the
anti-PD1 ITH group. The same parameters were equal to 3.1 months (CI: 2.3–6.7), 5% (CI: 1–36%)
and 5% (CI: 1–36%), respectively, in the other treatments group. These differences were statistically
significant by the log-rank test with p = 0.004 (Figure 2A). Long-term disease stabilization was not
achieved in patients treated with other systemic treatments. None of the preselected prognostic factors
had a significant influence on PFS. Patients who received treatment other than anti-PD1 ITH had HR
2.18 (CI: 1.26–3.76, p = 0.005) (Table 2) of progression.
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Table 2. Univariable Cox models for overall and progression-free survival. The 95% confidence
intervals and p values are listed in brackets.

Variable Value HR for OS (Univariable) HR for PFS
(Univariable)

Age Per one-year change 1.01 (0.98–1.03, p = 0.579) 1.01 (0.99–1.03, p = 0.436)

Sex
female - -
male 1.83 (1.05–3.21, p = 0.034) 1.35 (0.81–2.26, p = 0.255)

BRAF V600 mutation
negative - -
positive 0.62 (0.15–2.58, p = 0.516) 0.50 (0.15–1.58, p = 0.236)

Localization
Gastrointestinal system - -
Genitourinary system 0.90 (0.43–1.88, p = 0.781) 1.28 (0.66–2.46, p = 0.462)

Head and Neck Region 1.07 (0.57–2.02, p = 0.834) 1.39 (0.76–2.53, p = 0.290)

Disease stage at the start
of the treatment

Localized, nonoperable
disease - -

M1a 3.11 (0.77–12.60, p = 0.112) 1.60 (0.54–4.68, p = 0.394)
M1b 2.54 (0.82–7.85, p = 0.105) 1.61 (0.71–3.62, p = 0.252)
M1c 1.89 (0.66–5.44, p = 0.238) 1.05 (0.51–2.15, p = 0.897)
M1d 1.77 (0.39–8.00, p = 0.459) 1.57 (0.48–5.08, p = 0.455)

Number of organs
involved at the start of

treatment

1 - -
2 0.95 (0.48–1.88, p = 0.893) 1.26 (0.69–2.29, p = 0.453)

3+ 1.30 (0.65–2.58, p = 0.457) 1.54 (0.84–2.83, p = 0.162)

LDH at the start of the
first-line

Normal - -
overULN 2.11 (1.16–3.84, p = 0.014) 1.40 (0.82–2.37, p = 0.215)
(Missing) 1.61 (0.67–3.89, p = 0.290) 1.45 (0.64–3.31, p = 0.375)

ECOG score at the start
of first-line

0 - -
1+ 1.19 (0.68–2.08, p = 0.553) 1.01 (0.61–1.65, p = 0.978)

The first line of treatment
PD1 - -

Other 0.90 (0.49–1.68, p = 0.747) 2.18 (1.26–3.76, p = 0.005)

In the second line of treatment, the median PFS reached 6.2 months (CI: 2.8–NA) for anti-PD1
ITH, 3.0 months (CI: 2.6–10) for ipilimumab and 4.6 months (CI: 1.8–NA) for other treatments.
These differences were not statistically significant (p = 0.51).

2.5. Overall Survival

The median OS was 16.3 months (CI: 12.1–22.3) in the whole cohort. The 12-month and 18-month
OS rates reached 61% (CI: 51–73%) and 41% (CI: 31–55%), respectively. There was no OS difference
between patients who received anti-PD1 ITH or other treatments as first-line therapy (p = 0.7).
Kaplan-Meier curves for OS are presented in Figure 2B. Men and patients with elevated LDH levels
had a worse prognosis. None of the other preselected clinical factors had a significant influence on OS
in this group of patients (Table 2).

2.6. Radiotherapy

Twenty-three patients received RT during anti-PD1 ITH (Supplement A). The one-year local
control rate (LCR) in the subgroup who received RT with anti-PD1 ITH for unresectable locally
advanced disease reached 75.0% (CI: 42.6–100%). This value was stable throughout the two years of
follow-up. The one-year LCR after RT for the oligometastatic disease during anti-PD1 ITH was 85.7%
(CI: 63.3–100%). Patients who received RT during the anti-PD1 treatment had a median PFS of 8.9
months (CI: 7.4–NA), whereas in patients who received anti-PD1 ITH as the only treatment the PFS
was 4.2 months (CI: 3.0–7.8); the difference was statistically significant (HR 1.8. CI: 1.0–3.3, p = 0.05).
The median OS since the start of anti-PD1 ITH was 32.2 months (12.0–NA) in patients who received RT,
and 12.1 months (CI: 7.8–21.8) in nonirradiated patients. This was not statistically significant (p = 0.11)
(Figure 3, Supplement A ).
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3. Discussion

Until now, limited evidence has supported the efficacy of anti-PD-1 ITH in MM. In this population
of patients, in individuals with the KIT mutation, imatinib was reported to result in significant clinical
benefits, while for MM patients whose tumors harbor BRAF mutations, treatment with a combination
of BRAF and MEK inhibitors was shown to be effective [8,24]. The efficacy of anti-PD1 ITH remains
unclear in MM patients since a low number of patients have been enrolled in clinical trials. Conflicting
data on MM patients’ responses to nivolumab, pembrolizumab and ipilimumab have been published.
Some reports suggest that anti-PD ITH is significantly less effective in MM than in CM patients,
while other report durable anti-tumor effects [25–27].
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We analyzed anti-PD-1 ITH efficacy in routine clinical practice outside of clinical trials in a
nonpreselected population of subsequent patients with MM, and report ORR and PFS similar to patients
with CM, also treated outside of clinical trials. In a retrospective analysis covering 25 dermatology
departments in France, 75 MM patients were treated with first-line nivolumab or pembrolizumab
and, out of these, fifteen achieved OR, which corresponds to an ORR of 20% (95% CI: 11.6–30.8) [28],
which is lower than the 25% reported by us. In a Japanese study of 24 MM cases, the ORR was 20.8%,
and for 17 cases with visceral metastases—17.6%. For the 17 cases, OS and PFS periods were 422 days
and 226 days [29]. In another small Japanese trial, 17 MM patients were treated with nivolumab,
and ORR was reported at 23.5%. One patient achieved a CR, three—PR, and five SD as their best
response. The median PFS was 1.4 months (95% CI: 1.2–2.8) [30], which is again inferior to the results
reported by us. High OR was reported for the first-line pembrolizumab—35% accompanied with
five-months of median PFS (n = 20) [31].

We previously described the results of anti-PD1 therapy as well as BRAF/MEK inhibitors treatment
in the general melanoma population in Poland [32]. While comparing data between the general
population of patients receiving anti-PD1 ITH in the first line and an analogous subpopulation of
mucosal melanoma patients, no differences were seen in ORR (objective response rate), PFS and OS.
The ORR was equal to 28% in the mucosal melanoma subgroup, and 30% in the general population
(p = 0.85 by Fisher’s exact test). The median PFS and OS for mucosal melanoma was 6.0 (CI: 3.8–10.8) and
15.8 (CI: 11.5–NA) months, while for the general population—6.9 (CI: 5.3–9.0) and 20.5 (CI: 15.3–NA),
respectively. The HR for mucosal melanoma was 0.97 (CI: 0.68–1.38, p = 0.86) for PFS and 0.91
(CI: 0.60–1.38, p = 0.65) for OS (see Supplement B). Therefore, our results confirm the efficacy of
immunotherapy, especially anti-PD1 antibodies, in MM treatment [31].

Due to strict inclusion criteria in clinical trials, covering mostly patients without brain metastases
and patients with good performance status, corresponding to low tumor burden, we expected
longer PFS and OS for patients treated in the trials than for patients treated in our study. In a
meta-analysis of major ITH clinical trials by Shoushtari, A.N. et al., 35 MM patients were identified.
This analysis covered patients treated within NCT02083484 (MK-3475), NCT01295827 (KEYNOTE-001),
NCT01927419 (CheckMate 069), NCT01024231 (CA209-004), and NCT01721746 (CheckMate 037) trials.
Therefore, the majority of patients were treated with pembrolizumab or nivolumab, not in the first line
but after previous therapy. In these trials the majority of patients received ipilimumab before anti-PD-1
ITH. These authors reported that for MM treated with anti-PD-1 ORR was 23% (95% CI: 10–40%) with
PD as the best response for 57% of patients (95% CI: 39–74%), which represents ORR similar as that
reported by us (25% for anti-PD1 in the first line). In the same meta-analysis, MM patients treated
with nivolumab/pembrolizumab monotherapy achieved PFS of 3.9 months, which is shorter than the
PFS of our patients treated in the first line. ORR reported by Shoushtari, A.N. et al. is also generally
numerically similar to the 23% ORR reported by D’Angelo, S.P et al. for 86 MM patients included in
another meta-analysis of multiple prospective trials of nivolumab; but seven patients—that is almost
10% of analyzed cases—were included in both described analyses, and these data may not be interpreted
independently [25,33]. In the analysis by D’Angelo, S.P et al. covering, again, mostly patients treated
with anti-PD1 ITH in further lines of therapy in NCT00730639 (CA209-003), NCT01621490 (CA209-038),
NCT01721772 (CheckMate 066), NCT01721746 (CheckMate 037), and NCT01844505 (CheckMate 067)
trials, ORR was—37.1% (95% CI, 21.5% to 55.1%) and the median PFS was 3.0 months (95% CI, 2.2 to
5.4 months), which represents higher ORR, but shorter PFS than reported by us [25]. For pembrolizumab
only trials—KEYNOTE-001 (NCT01295827), -002 (NCT01704287), and -006 (NCT01866319), the ORR
was 22% (95% CI: 11–35) and 15% (95% CI: 5–32) in ipilimumab-naive and ipilimumab-treated MM
patients, which is concordant with our treatment results. At the same time, the median PFS was
2.8 months (95% CI: 2.7–2.8) for KEYNOTE-001/-002/-006 patients, which is less than half that of the six
months reported by us. Similar ITH efficacy was reported in eight patients pretreated with dacarbazine
before nivolumab administration [34]. The administration of nivolumab was listed as long-term for
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three patients with 13–17 cycles given, and over 30 cycles for one case. In this group, ORR was 37.5%
(CR—25.0%, PR—12.5%), median PFS—10.2 months [35].

It should be noted that in the analysis by D’Angelo, S.P et al., median PFS in patients treated with
nivolumab combined with ipilimumab (n = 35) was 5.9 months (95% CI: 2.8 months—not reached),
while our patients (n = 63) achieved median PFS of six months during anti-PD-1 monotherapy therapy.
In concordance with our report, in the pooled analysis CM patients achieved PFS of 6.2 months with
nivolumab monotherapy and 11.7 months with nivolumab-ipilimumab combination therapy [25].
Nevertheless, in the pooled analysis of major clinical trials, MM patients achieved reduced clinical
benefits in comparison to CM patients during anti-PD-1 ITH treatment [25]. This was not the case
in routine clinical practice reported by us with PFS in a general population of 6.9 months and OS of
20.5 and resultant HR for MM of 0.95 for PFS and 0.89 for OS. On the contrary, in clinical trial data,
MM patients who were treated with nivolumab monotherapy received a median of 7.0 doses (1–34)
and CM patients 11.0 doses (1–61) [25]. Moreover, in MM patients, the median reduction in tumor
burden in the target lesions was reported only at 1.4% for nivolumab monotherapy and as high as
34.2% for combined therapy [25], which may indicate the specific biology of the disease requiring dual
pathway activation for MM cell elimination.

In terms of OS of MM, patients treated with ITH were reported to achieve a median OS of 15.97
months and a one-year OS rate of 57.8% (95% CI: 49.5–67.5) while no specific data for nivolumab,
pembrolizumab and ipilimumab differences were reported [28]. In a Japanese trial, median OS was
12.0 months (95% CI: 3.5—not reached) for nivolumab treatment, while for pembrolizumab pooled
analysis the median OS was 11.3 months (7.7–16.6) [30,34]. In general, despite the limitations of the
studies discussed, data suggest that in MM patients anti-PD1 therapy may be effective both in terms of
OR, PFS and OS. Nevertheless, it should be considered that in all of the multi-trial analyses, the number
of MM cases was about 10% of CM patients, which may influence statistical calculations [25]. With our
report, we confirm the efficacy of ITH in MM patients with real-world data.

The efficacy of ITH may be enhanced by RT, which was reported before (ORR = 57.1%) in the
case of seven patients [36]. Another analysis of 10 patients covered mucosal melanoma of the nasal
cavity or maxillary sinus, in which patients were treated with nivolumab or pembrolizumab and
concomitant radiotherapy. In this group of patients, after a median follow-up period of 46 weeks,
the local control rate of the primary lesion and regional lymph nodes was 100% with a median PFS of
7.4 months (range 2–82 weeks). In this group of patients, the six-month PFS rate was 60% [37], which is
lower than in our study—8.9 months. The largest report published until now was a retrospective
study of 23 patients out of whom 12 patients were treated with pembrolizumab and RT, 11 patients
were treated with RT alone and the others were treated with pembrolizumab monotherapy. It was
shown that pembrolizumab with concomitant radiotherapy enabled achievement of a one-year target
lesion control rate in 94.1% cases, while radiotherapy without immunotherapy enabled the control in
57.1% and pembrolizumab in 25%. Treatment-related AEs were not significantly different between
radiotherapy with or without pembrolizumab [38]. In our study all 23 patients received concomitant
RT and immunotherapy (Supplement C). Generally, concomitant RT is not allowed in the majority
of clinical trials. Thus, a separate study with RT-ITH is required to confirm the expected benefit of
irradiation during ITH. While we report the data, a separate trial is also ongoing (NCT04017897).

At the same time, no significant association is known between PFS duration and other clinical
factors including primary tumor localization, BRAF gene mutation status, stage at treatment start,
presence of CNS or liver metastases, type of prior therapy, or response to first-line (ipilimumab)
therapy if used in the second-line, as in the case of our analysis (Table 2) [31,33]. The duration of OS
and PFS are correlated with irAE development and high levels of PD-L1 expression (>5% of cells
in the tumors) [37,38]. In fact in patients with mucosal melanoma and tumor PD-L1 expression ≥
5% (n = 15), ORR was 53.3% (95% CI: 26.6–78.7%), while in patients with PD-L1 expression < 5%
(n = 49)—ORR is 12.2% (95% CI: 4.6–24.8%), and in these patients median PFS with PD-L1 expression
≥ 5% was 12.2 months (95% CI: 3.0 months—not reached), while for PD-L1 expression < 5%—median
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PFS was < 3 months while the role of tumor PD-L1 expression as a response biomarker was not
fully defined [25,39]. In fact, the significantly lower mutational burden in MM in comparison to CM
may explain the decreased efficacy of the immune checkpoint blockade in many MM patients [40,41].
In general, not only PD-1/PD-L1 expression level, but also immune cells infiltration and transcriptional
immunoscore, may be correlated with immunotherapy response. Multiple genetic and genomic
factors, including mutation burden, mismatch repair deficiency, somatic copy-number variation burden
and neoantigen load are being suggested to predict immunotherapy response [42]. While somatic
mutation clonality was reported to positively correlate with immunotherapy response, copy number
variation (CNV) was shown to negatively correlate with efficacy of response to the PD-1 checkpoint
blockade and to be associated with downregulation of immune-related pathways expression [43,44].
Moreover, the expression of melanin pigment and active melanogenesis, which are often found at
high levels in MM, may decrease the sensitivity of MM cells to immunotherapy [45,46]. Melanin also
has radioprotective and scavenging properties and may decrease the efficacy of radiotherapy [47].
The relationship had not been finally defined as in survival meta-analysis pigmentation; that is, melanin
level was not significantly correlated with survival (HR = 0.87; 95% CI, 0.66–1.15; p = 0.34) in mucosal
melanoma [48].

On the other hand, it has been suggested that RT is an immune adjuvant boosting the antitumor
immune response. At the same time, it is also possible that ITH has a radiosensitizing effect and
increases the efficacy of radiotherapy [49,50]. In general, our MM study population is as large as the
group that was identified in a pulled analysis of KEYNOTE-001, KEYNOTE-002 and KEYNOTE-006
trials [50]. We confirm the effect of RTH on PFS duration in MM patients, although larger prospective
trials would be needed to validate our findings. In the case of MM, only international multicenter
studies would be able to recruit a large number of patients due to the epidemiology of the disease.

4. Materials and Methods

4.1. Cohort

In this international retrospective study, we included consecutive patients with confirmed
histopathological diagnosis of unresectable or metastatic MM. Patients must have been treated
with anti-PD1 (nivolumab or pembrolizumab) or anti-CLTA-4 (ipilimumab) antibodies as a first or
second-line treatment. Cases were recruited in five high-volume centers in Poland (two centers) and
Italy (three centers) between July 2013 and August 2020.

4.2. Treatment

We analyzed the treatment sequence and response to systemic therapy, as well as factors that may
influence on patients’ survival, including: patients’ age, sex, primary tumor site, the mutation in BRAF
V600, tumor stage at the start of first-line treatment, number of metastatic sites (organs) at the start of
first-line treatment, lactate dehydrogenase (LDH) levels at the start of first-line treatment, performance
status at the start of first-line treatment and treatment sequence (ITH as a first or second-line). To define
possible benefits from the addition of RT, we analyzed concurrent RT during anti-PD1 ITH and its
parameters, regardless of the treatment line.

4.3. Response and Survival Analysis

The response was evaluated every 12 weeks in the contrast-enhanced CT scan of the primary
tumor site, thorax, abdomen, and pelvis, and contrast-enhanced magnetic resonance imaging (MRI)
for lesions in the central nervous system. Response to the treatment was assessed using response
evaluation criteria in Solid Tumors 1.1 (RECIST). Objective response (OR) was defined as the sum of
the number of patients who archived partial response (PR) or complete response (CR) as their best
response. Disease control (DC) was defined as a sum of patients who archived stable disease (SD),
PR or CR as their best response. Progression-free survival (PFS) was calculated from the start of
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treatment first dose to the disease progression, as assessed according to RECIST 1.1, or death. Patients
who had at least stable disease (SD) at the last follow-up were censored. The overall survival (OS)
was calculated from the start date of first-line treatment to the date of death. The OS from the start of
anti-PD1 was also calculated. In both cases, patients alive at the last follow-up were censored.

4.4. Statistical Analysis

The continuous variables were summarized by median and interquantile range (IQR),
while categorical variables were summarized by count and percentage of total cases. All point
estimates were reported with a 95% confidence interval (CI) unless stated otherwise.

The Kaplan-Meier estimator with the log-rank test, as well as the Cox proportional hazard model,
were used for the survival analysis. Fisher’s exact test was used to assess for independence between
categorical variables.

All analyses were performed in the R language environment version 3.6.3 (The R Foundation for
Statistical Computing) with abundant use of tidyverse and survminer packages [51–54]. A p ≤ 0.05
was deemed statistically significant.

4.5. Ethical Statement

This study was approved by Bioethical Committee at Maria Sklodowska-Curie National Research
Institute of Oncology in Warsaw under the registration number 73/2018.

5. Conclusions

To our knowledge, this is the largest analysis of data to date for anti–PD-1 therapy combined with
analysis of the radiation therapy impact on immunotherapy efficacy in mucosal melanoma. Anti-PD1
antibodies are an effective treatment in advanced MM. The addition of RT to ITH may be beneficial in
the selected subgroup of MM patients.
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Supplement A table: Details regarding Radiotherapy during anti-PD1 treatment. Supplement B: Comparison of
(A) progression-free survival and (B) overall survival between mucosal melanoma and Polish general melanoma
cohort. Supplement C: PFS and OS in patients treated with radiotherapy with concomitant immunotherapy,
chemotherapy of BRAFi/MEKi.

Author Contributions: Conceptualization—A.M.C., M.M., and P.R. (Piotr Rutkowski); methodology—A.M.C., P.R.
(Piotr Rutkowski), M.J.S. and P.T.; software—P.T. and M.J.S.; validation—A.M.C., P.T., M.J.S.; formal analysis—P.T.;
project administration—A.M.C.; investigation—A.M.C., P.T., A.I., M.J.S., A.L, P.R. (Pawel Rogala), B.C.-S., P.Q.,
U.R., S.B., A.S.-C., S.F., M.M., and P.R. (Piotr Rutkowski); resources—A.M.C., P.T., A.I., M.J.S., A.L., B.C.-S., P.Q.,
U.R., S.B., P.R. (Pawel Rogala), A.S.-C., S.F., M.M., and P.R. (Piotr Rutkowski); data curation—A.M.C., P.T., M.J.S.,
P.R. (Pawel Rogala), A.L., A.I., R.Q., B.C.-S.; writing—original draft preparation, A.M.C. and P.T.; writing—review
and editing, A.M.C., P.T., M.J.S., M.M., and P.R. (Piotr Rutkowski); visualization—P.T.; supervision—M.M. and P.R.
(Piotr Rutkowski) All authors have read and agreed to the published version of the manuscript.

Funding: This work has been supported by Maria-Sklodowska Curie National Research Institute of Oncology
statutory funding.

Conflicts of Interest: Pawel Teterycz travel, accommodations, expenses—Bristol-Myers Squibb, MSD, Novartis,
Roche. Anna Malgorzata Czarnecka Speakers’ Bureau—Bristol-Myers Squibb, Pierre Fabre. Research
Funding—Bristol-Myers Squibb; Travel, Accommodations, Expenses—Bristol-Myers Squibb, MSD, Novartis,
Pierre Fabre, Roche. Pawel Rogala Travel, Accommodations, Expenses—Bristol-Myers Squibb, MSD, Novartis,
Roche. Mario Mandala: Consulting or Advisory Role—Bristol-Myers Squibb, MSD Brazil, Pierre Fabre, Roche;
Research Funding—Bristol-Myers Squibb, Novartis pharma SAS; Roche. Pietro Quaglino is on the advisory board
of Novartis, BMS, MSD, and Pierre Fabre and received fees for lectures from Novartis, BMS, MSD, and Pierre
Fabre. Piotr Rutkowski has received honoraria for lectures and Advisory Boards from BMS, MSD, Novartis,
Roche, Pierre Fabre, Amgen, Merck, Sanofi, Blueprint Medicines outside of the scope of the study. The funders
had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results. Mateusz Spalek, Sławomir Falkowski, Alice Indini, Umberto
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Simple Summary: Melanoma is a potential metastatic cancer with a poor prognosis and a low
free-survival rate. Thus, discovering new therapeutic strategies will be helpful to fight against it.
Carbonic anhydrases IX (CAIX) and XII (CAXII) along with Hedgehog pathway aberrations are
already demonstrated to be involved in melanoma progression. Here we investigated the effects of
either an indirect or direct CAXII inhibition on cell migration and invasion in three melanoma cell
lines. First we indirectly inhibited CAXII through the smoothened antagonist cyclopamine, which
resulted in a decreased CAXII protein expression and cell migration. Thereafter, we directly blocked
CAXII using new small molecules. This resulted in reducing not only cell migration, but also the
invasiveness ability of highly aggressive melanoma cell lines. This evidence may contribute to further
exploiting the therapeutic role of CAXII in melanoma progression and invasiveness.

Abstract: Background: Intratumoral hypoxia contributes to cancer progression and poor prognosis.
Carbonic anhydrases IX (CAIX) and XII (CAXII) play pivotal roles in tumor cell adaptation and
survival, as aberrant Hedgehog (Hh) pathway does. In malignant melanoma both features have
been investigated for years, but they have not been correlated before and/or identified as a potential
pharmacological target. Here, for the first time, we demonstrated that malignant melanoma cell
motility was impaired by targeting CAXII via either CAs inhibitors or through the inhibition of the
Hh pathway. Methods: We tested cell motility in three melanoma cell lines (WM-35, SK-MEL28,
and A375), with different invasiveness capabilities. To this end we performed a scratch assay in the
presence of the smoothened (SMO) antagonist cyclopamine (cyclo) or CAs inhibitors under normoxia
or hypoxia. Then, we analyzed the invasiveness potential in the cell lines which were more affected by
cyclo and CAs inhibitors (SK-MEL28 and A375). Western blot was employed to assess the expression
of the hypoxia inducible factor 1α, CAXII, and FAK phosphorylation. Immunofluorescence staining
was performed to verify the blockade of CAXII expression. Results: Hh inhibition reduced melanoma
cell migration and CAXII expression under both normoxic and hypoxic conditions. Interestingly,
basal CAXII expression was higher in the two more aggressive melanoma cell lines. Finally, a direct
CAXII blockade impaired melanoma cell migration and invasion under hypoxia. This was associated
with a decrease of FAK phosphorylation and metalloprotease activities. Conclusions: CAXII may
be used as a target for melanoma treatment not only through its direct inhibition, but also through
Hh blockade.

Cancers 2020, 12, 3018; doi:10.3390/cancers12103018 www.mdpi.com/journal/cancers197
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1. Introduction

Melanoma is one of the most aggressive skin cancers and represents the fifth most common
cancer type in men and the sixth in women [1]. Its incidence has enhanced in recent decades [2–4]
but unfortunately, the prognosis is quite good only for localized melanoma after surgery [5]. Indeed
melanoma often metastasizes and the prognosis remains poor, along with a low free-disease survival
rate [6,7]. The key role in the metastatic transition is due to increased cell motility caused by cytoskeletal
changes and altered interactions with extra-cellular matrix (ECM) components [2,8].

Within this context, many new strategies have been identified in an attempt to manage malignant
melanoma. This includes the targeting of the strategical FAK/paxillin pathway, whose inhibition
resulted in the reduction of melanoma cell migration [9,10]. Still, with regard to ECM, the role of
matrix metalloproteinase (MMPs), including MMP-9, in the rapid progression of metastatic melanoma
has been also reported [11,12]. MMPs are typical components of the tumor microenvironment (TME)
and the TME itself could be one of the potential targets for blocking the metastatic capability of
melanoma. Nevertheless, the TME is characterized by hypoxia [13]. Indeed, the local imbalance of O2

consumption and supply results in the development of adaptive strategies/mechanisms that promote
cell survival and progression to metastatic phenotype [14]. Among the above adaptive strategies,
hypoxia triggers the expression of carbonic anhydrases (CAs) [15], a family of metalloenzymes which
catalyze the reversible hydration of CO2 to HCO3

− and H+. [16]. Eight different classes have been
described but only α-CAs isoforms have been characterized in humans [17]. Many roles have been
attributed to CAs, from intra- and extracellular pH regulation, to homeostasis maintenance and cell
survival and migration [18]. However, only human isoforms IX (CAIX) and XII (CAXII) play crucial
roles in tumorigenicity and metastatic progression [19,20]. While CAIX has a limited expression in
normal tissues and is upregulated in cancer, CAXII has several properties both in physiological and
tumorigenic conditions, thus gaining wide interest among several researchers [21–24]. Unlike CAIX,
whose role in cancer has been largely demonstrated and which has been already identified as a target
in antitumor therapy [25–29], there are only a few reports regarding CAXII [30–32]. The fact that CAXII
inhibition may be effective in anticancer therapy led to the synthesis of newly CAs inhibitors. In this
regard, we took advantage of new available small chemical molecules which were designed starting
from the pan-CAs inhibitor GV2-20 [33,34]. Novel compounds, with a different inhibitory potency
against CAIX and CAXII, were identified based on an in silico drug design approach. Among them,
we selected two compounds with a high specificity for the tumor-associated isoforms IX and XII: C-7
(CAIX Ki = 27.6 nM; CAXII Ki >50,000 nM) and C-10 (CAIX Ki = 16 nM; CAXII Ki = 82.1 nM). While C-7
is a selective inhibitor only for CAIX, C-10 has the most potent effect not only on CAIX but also on
CAXII [32]. We have recently shown that CAXII is regulated by the Hedgehog (Hh) pathway in breast
cancer [35,36]. Physiologically, the Hh pathway controls organ development during embryogenesis,
whereas in adults remains quiescent, except for tissue repairing [37,38]. Of interest, aberrations of this
pathway occur in tumors, being responsible for tumorigenesis and cancer maintenance [39,40]. Indeed,
its role in controlling the proliferation of stem cells and tissue progenitors means the Hh pathway is
increasingly the subject of cancer management studies [41–45].

Recent reports have shown that activation of the Hh pathway promotes metastasis in melanoma [46].
In addition, melanoma cells adapt to the acidic TME resulting in a higher tumor initiation potential [47].
Indeed, the role of CAs has already been reported in melanoma progression. However, while the
involvement of CAIX has been associated with worse overall survival in patients with melanoma [48],
information regarding CAXII is still scant.
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For the above reasons, we decided to investigate the role of CAXII in melanoma cell migration and
invasiveness. Our results, obtained by inhibiting CAXII either directly or indirectly through the Hh
pathway, may contribute to the identification of novel therapeutic strategies for future management
of melanoma.

2. Results

2.1. Inhibition of the Hh Pathway Affects Melanoma Cell Migration and CAXII Protein Expression

Recently, our research group discovered a correlation between the Hh pathway and CAXII on
breast cancer cell migration [36]. The Hh pathway was already explored in melanoma [49,50], however
its involvement in CAs modulation has not been investigated yet. Thus, we decided to analyze this
possible interaction in two human melanoma cell lines, WM35 and SK-MEL-28. It should be underlined
that WM35 are characterized by reduced migratory capability and aggressivity [51], while SK-MEL-28
cells are associated with intermediate aggressive phenotype, along with high cell migration and
invasiveness [52]. Cells were treated with the natural smoothened (SMO) antagonist cyclopamine
(cyclo) and we evaluated cell migration and CAXII protein expression. We performed experiments in
both normoxic (20% O2 ' pO2 of 140 mmHg) and hypoxic conditions (2% O2 = pO2 of 14 mmHg) in
order to mimic the TME pO2. As shown in Figure 1A,B, both cell lines expressed significantly higher
protein levels of HIF-1α when they were exposed to hypoxia for 24 h. These results confirm that the pO2

employed in our experiments was adequate to induce a hypoxic state in both cell lines. We therefore
investigated whether the Hh pathway was involved in melanoma cell migration, either under normoxia
or hypoxia. To this end, we performed a wound healing assay, where confluent monolayers of WM35
and SK-MEL-28 were scratched after an overnight treatment with cyclo and cell motility was monitored
for 24 h incubation either under normoxic or hypoxic conditions. Of interest, inhibition of the Hh
pathway did not significantly affect the WM35 cell migration rate (Figure 1B,C), either in normoxia or
hypoxia. However, Hh inhibition resulted in a significant reduction of SK-MEL-28 cell migration in a
normoxic environment. Indeed, we observed a five-fold inhibition of cell migration after 24 h treatment
when compared with the untreated cells (Figure 1B). Interestingly, the impairment of cell migration
was significant also under hypoxia (Figure 1C), indicating that Hh inhibition was also effective at a pO2

which resembles the TME. To investigate whether the Hh pathway may be involved in modulating
the expression of CAXII in melanoma cells, we then analyzed the protein levels of CAXII in both
cell lines exposed either under normoxia or hypoxia, after 24 h treatment in the presence or not of
cyclo. Figure 1D clearly shows that WM35 cells expressed low levels of CAXII. Thereafter, we did not
observe any significant differences upon cyclo treatment in both experimental conditions. In contrast,
CAXII expression was significantly increased in hypoxic SK-MEL-28, and according with the cell
migration results, cyclo treatment significantly reduced the level of CAXII (Figure 1D). The latter
results indicate that in SK-MEL-28 cell line the expression of CAXII is regulated by the Hh pathway.
The same regulatory effect may be present also in WM35, but the low protein levels do not allow the
detection of a significant reduction in protein expression.
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Figure 1. Inhibition of the Hedgehog pathway affects melanoma cell migration and CAXII protein expression. 
(A) HIF-1α protein expression in WM35 and SK-MEL-28 after 24 h exposure to normoxia or hypoxia. Blots are 
representations of the means of three independent experiments and β-actin was used as loading control. (B) 
Representative image of WM35 and SK-MEL-28 scratch assay after 24 h treatment with 20 µM cyclopamine 
(cyclo) under normoxia. Phase contrast microscopy images were taken with Olympus IX81 at a 10X 
magnification. Quantifications represent the means and standard errors of the mean of three independent 

Figure 1. Inhibition of the Hedgehog pathway affects melanoma cell migration and CAXII protein
expression. (A) HIF-1α protein expression in WM35 and SK-MEL-28 after 24 h exposure to normoxia or
hypoxia. Blots are representations of the means of three independent experiments and β-actin was used
as loading control. (B) Representative image of WM35 and SK-MEL-28 scratch assay after 24 h treatment
with 20 µM cyclopamine (cyclo) under normoxia. Phase contrast microscopy images were taken with
Olympus IX81 at a 10×magnification. Quantifications represent the means and standard errors of the
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mean of three independent experiments. (C) Representative image of WM35 and SK-MEL-28 scratch
assay after 24 h treatment with 20 µM cyclo under hypoxia. Phase contrast microscopy images
were taken with Olympus IX81 at a 10× magnification. Quantifications represent the means and
standard errors of the mean of three independent experiments. (D) CAXII protein expression in WM35
and SK-MEL-28 after 24 h treatment with 20 µM cyclo exposed to normoxia or hypoxia. Blots are
representation of three independent experiments and β-actin was used as loading control. * p ≤ 0.05,
** p ≤ 0.01 indicate statistically significant differences. The uncropped blots of Figure 1A,D are shown
in Figure S1.

2.2. Effects of CAs Inhibitors on Melanoma Cell Migration

Since inhibition of the Hh pathway by cyclo impaired both cell migration and CAXII expression
in SK-MEL-28, we next evaluated whether a direct inhibition of CAXII could affect melanoma cell
migration as well. To this end, we used not only WM35 and SK-MEL28 but also a third cell line, A375,
which is characterized by a highly aggressive phenotype.

First of all, we measured CAXII protein expression in all the cell lines, under normoxia or hypoxia,
to ascertain a different expression within the two microenvironments. Figure 2A shows that only
SK-MEL-28 expressed high level of CAXII under normoxic condition. As expected, under hypoxia,
CAXII expression in WM35 remained low; however, its expression was still high in SK-MEL-28 and,
of interest, it was significantly upregulated in A375. Thus, the different CAXII expression, especially in
hypoxic conditions, seemed to be related to the different aggressiveness of the cell lines. Thereafter,
we used two new small molecules, C-7 and C-10, along with the pan-CAs inhibitors GV2-20 and
acetazolamide (AAZ), which were employed as reference compounds. As described above, C-7 is a
selective CAIX inhibitor, while C-10 inhibits both CAIX and CAXII at nanomolar concentrations [33].
First of all, we tested the effects of these new compounds on WM35, SK-MEL-28, and A375 viability up
to 72 h incubation. As shown in Figure 2B, CAs inhibitors did not significantly affect cell viability in all
cell lines at 10 nM concentration, which was the same concentration employed in the following assays.
This was evident when the cell lines were exposed either to normoxia or hypoxia. These results were
important to rule out the possibility that the migration and invasion assays might be related to cell
viability variations.

Thus, we evaluated the effect of CAs inhibitors on cell migration by performing a scratch assay.
Similarly to the Hh inhibition results, pretreatment with CAs inhibitors did not significantly affect
WM35 migration either under normoxia or hypoxia (Figure 2C,D). However, we observed a significant
reduction in SK-MEL-28 and A375 cell migration, after pretreatment with compound C-10. Again
these effects were similar under either normoxic or hypoxic conditions (Figure 2C,D). These results
suggest that the inhibition of CAIX alone is not sufficient to regulate cell migration. In contrast, CAXII
appears to be a key regulator in the migration of the intermediate and high aggressive melanoma cell
lines SK-MEL-28 and A375. Indeed, C-10 is characterized as one of the more specific inhibitors of
CAXII, when compared not only to C-7 but also to the pan-inhibitors GV2-20 and AAZ.
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Figure 2. Effects of CAs inhibitors on cell migration. (A) CAXII protein expression in WM35, SK-MEL-28,
and A375 under normoxia and hypoxia. Blot is a representation of the means and standard errors
of the mean of three independent experiments. β-actin was used as loading control. (B) WM35,
SK-MEL-28, and A375 viability assays after 72 h treatment with 10 nM of each compound and exposed
to normoxia or hypoxia. Data are reported as the percentage of the ratio between the treated groups
and controls. Graphs represent the means and standard errors of the mean of three independent
experiments performed in triplicates. (C) WM35, SK-MEL-28, and A375 scratch assays after an overnight
pretreatment and 24 h treatment with 10 nM of each compound and exposed to normoxia. Phase contrast
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microscopy images were taken with Olympus IX81 at a 10×magnification. Data are represented as the
percentage of migration rate between treated groups and controls. Graphs represent the means and
standard errors of the mean of three independent experiments performed in duplicates. (D) WM35,
SK-MEL-28 and A375 scratch assays after an overnight pretreatment and 24 h treatment with 10 nM
of each compound and exposed to hypoxia. Phase contrast microscopy images were taken with
Olympus IX81 at a 10×magnification. Data are represented as the percentage of migration rate between
treated groups and controls. Graphs represent the means and standard errors of the mean of three
independent experiments performed in duplicates. * indicates statistically significant differences
(p ≤ 0.05). The uncropped blots of Figure 2A is shown in Figure S2.

2.3. SK-MEL-28 and A375 Invasion Is Reduced by Direct CAXII Inhibition under Hypoxia

Based on the above results, showing that CAs inhibitors significantly affected only SK-MEL-28
and A375 migration, we next focused our experiments on these two, more aggressive cell lines, which
were exposed to a hypoxic condition that resembled the TME. It should be underlined that previous
results have shown that hypoxia significantly affects the invasiveness of melanoma cells [53–57].

At first, we evaluated the effect of CAs inhibition on hypoxic SK-MEL-28 and A375 invasiveness.
Figure 3A clearly shows that C-10, unlike the pan-inhibitor AAZ, was able to reduce SK-MEL-28
invasion in a significant manner. A375 invasion was also significantly impaired by both C-7 and C-10
inhibitors but the last resulted in the most potent effect. These results indicate that the inhibition of
CAXII plays a crucial role in regulating the invasiveness of both intermediate and highly aggressive
melanoma cell lines. Furthermore, we analyzed the effects of C-7 and C-10 on the phosphorylated focal
adhesion kinase (phFAK), as its role in the promotion of the aggressive melanoma phenotype has been
previously established in several reports [58]. In line with the migration and invasion results, inhibition
by C-10 resulted in a significant decrease of phFAK levels both in SK-MEL-28 and A375 (Figure 3B).
In addition, C-10 treatment resulted also in a significant decrease of MMP-9 activity, as shown by the
zymographic analyses in Figure 3C. The relevance of MMP-9 in melanoma malignancy and progression
has been already documented [11]. However, such an inhibition was exerted also by C-7, indicating
that CAIX and CAXII were similarly involved in the regulation of MMP-9. Finally, to further confirm
the inhibitory effect of C-7 and C-10 on CAIX and CAXII, we analyzed their protein expression in
hypoxic SK-MEL28 by fluorescence microscopy. As shown in Figure 3D, C-7 and C-10 were able to
reduce CAIX expression. However, the expression of CAXII was significantly reduced only by C-10.
The fluorescence data supported our results which demonstrated that C10 was able to reduce the
expression of CAXII, which could be crucial in the regulation of melanoma cell migration and invasion.
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Figure 3. SK-MEL-28 and A375 invasion is reduced by direct CAXII inhibition under hypoxia.
(A) Modified Boyden chamber invasion assays after pretreatment and 24 h treatment under hypoxia (10×
magnification). Data are presented as the means and standard errors of the mean of three independent
experiments performed in triplicates. Acetazolamide (AAZ) was used as control. (B) Phosphorylated
focal adhesion kinase (phFAK) protein expressions after 24 h treatment with C-7 and C-10 under
hypoxia as determined by western blot analyses. Data are presented as the means and standard
errors of the mean of three independent experiments. B-actin was used as loading control. (C) Matrix
metalloproteinase 9 (MMP-9) enzymatic activity after 24 h treatment upon hypoxia as determined by
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zymography. Data are presented as the means and standard errors of the mean of three independent
experiments. (D) CAXII protein expression in SK-MEL-28 after 24 h treatment with C-7 and C-10 under
hypoxia as determined by immunofluorescence microscopy analyses. (25× objective 50×magnification).
Data are presented as the means and standard errors of the mean of three independent experiments.
* p ≤ 0.05, ** p ≤ 0.01 indicate statistically significant differences. The uncropped blots of Figure 3B is
shown in Figure S3.

3. Discussion

CAXII is a CAs isoform strictly related to cancer and hypoxic responses. In fact, when oxygen is
lacking, CAXII expression is modified, as tumor cells might still proliferate and survive [26]. CAXII has
been recently proposed as a possible target for anticancer therapy [31] and novel and specific inhibitors
of this enzyme, along with CAIX, have been recently identified [33]. Furthermore, we have recently
reported that CAXII expression is regulated by the Hh pathway in breast cancer, indicating that this
enzyme plays a potential role in breast cancer cell migration and invasiveness [36]. We here report,
for the first time, that the Hh pathway is involved in the modulation of CAXII also in melanoma cells,
in particular, in a moderate aggressive melanoma cell line and, more interestingly, in hypoxic conditions.

Previous reports clearly demonstrated that hypoxia was critical for tumor progression in
melanoma [57]. In the present manuscript, we show that the more aggressive melanoma cell lines,
SK-MEL-28 and A375, expressed higher protein levels of CAXII under hypoxia. This is in agreement
with previous reports showing that CAXII expression is increased in several aggressive tumors along
with a poor prognosis [27]. Furthermore, hypoxia has been reported to trigger the Hh pathway in
colorectal cancer [59], suggesting that its inhibition may be relevant for tumor progression. In the
present manuscript, we show that Hh inhibition, under hypoxia, resulted in a downregulation of CAXII.
Moreover, we here report that CAXII is overexpressed in SK-MEL-28 and A375 in comparison to WM35
and that its expression correlates with higher migration capability. Thus, CAXII appears to be crucial for
cell migration. It should be underlined that cell migration is associated with epithelial–mesenchymal
transition (EMT) in several neoplasias, including the metastatic progression in melanoma [60–63].
The involvement of the Hh pathway was already explored in melanoma and its blockade reduced cell
viability and migration [49,50]. The fact that, in the present manuscript, Hh inhibition resulted in CAXII
downregulation in melanoma cells, and in particular in the more aggressive cell line, opens a new
scenario for a possible therapeutic targeting. In fact, C-10, which is active at nanomolar concentrations
on both CAXII and CAIX, was able to reduce cell migration while the inhibition of only CAIX by
C-7 was not sufficient. It should be pointed out that in our experimental protocol C-10 was even
more effective than the pan-inhibitors GV2-20 and AAZ. We and others have previously reported
that CAXII promotes not only the migration but also invasive capability of breast cancer cells [36,64].
Indeed, the decreased invasiveness and migration ability of CAXII-knockdown cells were restored
by an overexpression of CAXII [64]. Here, we demonstrated that C-10 was particularly effective in
reducing the invasion ability of SK-MEL-28 and A375 under a hypoxic condition which mimics the
TME. Furthermore, we here report that C-10 reduced the phosphorylation of FAK as well as the activity
of MMP-9. Since both FAK and MMP-9 have been previously related to the invasive properties of
melanoma cells, our results further support the anti-invasive properties of CAXII inhibition.

4. Materials and Methods

4.1. Cell Cultures

WM35 and SK-MEL-28 were kindly donated by Dr. Raffaella Giavazzi (Department of Oncology,
Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Milan, Italy) and Dr. Francesca Chiarini
(CNR Institute of Molecular Genetics “Luigi Luca Cavalli-Sforza”, Bologna, Italy.) respectively. A375
were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). WM35 and
SK-MEL-28 were maintained in RPMI 1640 (Euroclone, Devon, UK) and A375 were cultured in
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Dulbecco’s modified Eagle’s medium (DMEM, Euroclone, Devon, UK). All media were supplemented
with antibiotics, L-glutamine 2 mM and 10% fetal bovine serum (FBS) (Euroclone, Devon, UK), at 37 ◦C
in humidified 5% CO2.

The hypoxic treatment was performed using a workstation In Vivo 400 (Ruskinn, Pencoed, UK)
providing a customized and stable humidified environment through electronic control of 2% O2 and
5% CO2.

4.2. Chemical Compounds

C-7 and C-10 are new small molecules targeting CAIX or both CAIX and CAXII respectively,
which were kindly provided by Department of Biotechnology, Chemistry and Pharmacy (University of
Siena, Siena, Italy) [33].

We used pan-CAs inhibitor GV2-20 (a benzoic acid derivative previously identified as CAs
inhibitor by a computational-driven target fishing approach [34] (Molport, Riga, Latvia)) and AAZ
(Sigma-Aldrich, St.Louis, MO, USA) as reference compounds.

All the inhibitors were resuspended in dimethyl sulfoxide (DMSO) and diluted in water and used
at a final concentration of 10 nM.

Cyclo (AlphaAesar, Haverhill, MA, USA) was resuspended in DMSO and used at the final
concentration of 20 µM.

4.3. Cell Viability

Cells were seeded in 96-well plates at a density of 2 × 104 cells per well, treated with CAs inhibitors
and incubated under normoxia or hypoxia. After 72 h, they were counted using fluorescein diacetate
(1 mg/mL, diluted 1:200). The viability index was calculated as the percentage of the ratio between
treated groups and control. All the experiments were run in triplicate and repeated at least three times.

4.4. Western Blot

Cells were seeded in 60 mm petri dishes at a density of 5 × 105 cells per dish and, following specific
treatments, were incubated for 24 h in normoxic or hypoxic condition. Thereafter, cells were washed
with cold PBS, were lysed with Laemmli Buffer containing protease inhibitors (1 mM PMSF, 1 mg/mL
aprotinin, 1 mg/mL leupeptin) and frozen at −20 ◦C. Samples were sonicated for three times and the
quantification of total protein concentration was determined using Micro BCA Protein Assay Reagent
kit (Thermo Fisher Scientific, Cleveland, OH, USA). Sample measures of 40 µg per lane were resolved
on 10% acrylamide gel, transferred to nitrocellulose membrane, and incubated for 1 h with 5% nonfat
powdered milk. We used HIF-1α (BD Biosciences, San Jose, CA, USA), phFAK, FAK (Cell Signaling,
Denver, CO, USA), CAXII (Santa Cruz, CA, USA), and β-Actin (Sigma-Aldrich, St. Louis, MO, USA).
The specific secondary antibodies, anti-rabbit IgG-HRP and anti-mouse IgG-HRP (Cell Signaling,
Denver, CO, USA), were incubated for 1 h. Chemiluminescence of immunoreactive bands was detected
with ChemiDoc™MP System (Bio-Rad, Hercules, CA, USA) and quantified with Image Lab software.
The original Western blot figures can be found in the supplementary file.

4.5. Scratch Wound Healing Assay

Cells were seeded in 24-well plates at a density of 1 × 105 cells per well, pretreated with CAs
inhibitors overnight and the following day the confluent monolayer was scratched with a 200 µL tip.
Washing twice with PBS and refreshing medium with 10% FBS was followed. Each well was treated
again with the respective inhibitor and incubated either under normoxic or hypoxic microenvironments.
After 0 h and 24 h snapshots of the scratch were taken with the microscope (10×) (Olympus IX81, Tokyo,
Japan) with cell F© software. Migration was calculated as

(
1− Ax

A0

)
%, where A0 and Ax represented

the empty scratch area at 0 h and 24 h, respectively.
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4.6. Boyden Chamber

Chemoinvasion was analyzed employing a modified Boyden 48-well micro chemotaxis chamber
(Neuro Probe, Gaithersburg, MD, USA) with 8 µm pore size polycarbonate polyvinylpyrrolidone-free
nucleopore filters, as previously described [65,66]. Cells were pretreated overnight, the following
day were resuspended in RPMI 0,1% bovine serum albumin (BSA) and 50 µL of an amount of
2.7 × 105 cell/mL were loaded in triplicate on each upper well, which was previously coated with
0.5 mg/mL of Matrigel (Corning, Life Science, Corning, Tewksbury, MA, USA). NIH3T3 supernatant
was added in the lower chamber and used as chemoattractant. After 24 h incubation under hypoxic
condition, cells on the lower surface were stained using Diff Quick (Merz-Dade, Düdingen, Switzerland)
and photographed by an OLYMPUS IX81 Research Microscope with a 10×magnification. Invaded cells
in four high-power fields were counted and data were expressed as number of invaded cells per field.

4.7. Zymography

Cells were incubated with C-7 and C-10 inhibitors for 24 h under hypoxia and then media were
collected and centrifuged at 300× g for 10 min to remove cells debris. Total protein amount was
analyzed using Micro BCA Protein Assay Reagent kit (Thermo Fisher Scientific, Cleveland, OH, USA)
and 15 µg of each appropriately diluted media was loaded into 0.1% gelatin-8% acrylamide gels.
After electrophoresis, gelatin gels were washed with 2.5% Triton x-100 for 30 min in agitation and an
overnight incubation at 37 ◦C in agitation with developing buffer was followed. Then, gels were stained
with Blue Comassie R-250 (Sigma Aldrich, St.Louis, MO, USA) and, after destaining, images were taken
with ChemiDoc™MP System (Bio-Rad, Hercules, CA, USA) and quantified with ImageJ software.

4.8. Immunofluorescence Staining

SK-MEL-28 were plated on 11 mm diameter glass coverslips in a 24-well plate at 105 cells per
well and treated with C-7 and C-10 inhibitors for 24 h before fixation. Cells were then fixed in cold
methanol for 10 min at −20 ◦C, were then washed three times for 10 min with PBS and incubated in
blocking buffer (1% BSA in PBS) for 30 min at room temperature. An overnight incubation in CAIX
(Cell Signaling, Denver, CO, USA, diluted 1:10 in PBS/BSA) or CAXII primary antibody (Santa Cruz,
CA, USA; diluted 1:50 in PBS/BSA) at 4 ◦C in humid chambers was followed. Coverslips were then
washed for 10 min in PBS/BSA and incubated with secondary antibody (Alexa Fluor-555-conjugated
anti-rabbit-IgG and Alexa Fluor-488-conjugated anti-mouse-IgG, 1:800; Invitrogen, Carlsbad, CA, USA)
for 1 h at room temperature. After a final washing in PBS, the coverslips were mounted on slides
with 90% glycerol in PBS. DNA was visualized with incubation of 3–4 min in Hoechst (Sigma Aldrich,
St.Louis, MO, USA).

Images were taken by using an Axio Imager Z1 (Carl Zeiss, Jena, Germany) microscope equipped
with an AxioCam HR cooled charge-coupled camera (Carl Zeiss, Jena, Germany). Grayscale digital
images were collected separately and pseudocolored and merged using Adobe Photoshop 7.0 software
(Adobe Incorporated, San Jose, CA, USA). Fluorescence intensity was measured with ImageJ software.

4.9. Statistical Analyses

Data are presented as means ± standard error of the means of at least three independent
experiments performed in duplicates or triplicates. Statistical analyses were conducted using unpaired
t-test and ANOVA test with GraphPad Prism 7 software. Values of p ≤ 0.05 and p ≤ 0.01 were
conventionally considered statistically significant.

5. Conclusions

The identification of new small molecules with specific inhibitory activities on different CAs,
especially CAXII, opens a new scenario in the therapeutic approach in melanoma patients. Previous
reports indicate the relevance of hypoxia and CAs in the TME and metastatic progression. Overall,
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our results suggest that CAXII inhibition under hypoxia leads to a reduction of both cell migration
and invasion in aggressive melanoma cell lines. This, along with our data regarding Hh inhibition,
may contribute to possible alternative treatment by acting either directly or indirectly on CAXII to
reduce the metastatic capability of melanoma.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/10/3018/s1,
Figure S1: The uncropped blots of Figure 1A,D, Figure S2: The uncropped blots of Figure 2A, Figure S3:
The uncropped blots of Figure 3B.

Author Contributions: Experimental procedures, writing–original draft preparation and editing, G.G.;
Experimental support, S.M.; Chemical support, Y.C. and M.M.; Writing—review and editing, F.C. and A.N.;
Supervision, F.C. All authors have read and agreed to the published version of the manuscript.

Funding: This study has received financial support from the Istituto Toscano Tumori (ITT) and MIUR (PRIN
2017NTK4HY_002 to A.N.).

Acknowledgments: We thank Carlo Aldinucci for technical support. In memory of Maurizio Botta for his precious
support in the development of the present study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rastrelli, M.; Tropea, S.; Rossi, C.R.; Alaibac, M. Melanoma: Epidemiology, risk factors, pathogenesis,
diagnosis and classification. In Vivo 2014, 28, 1005–1011. [PubMed]

2. Rossi, S.; Cordella, M.; Tabolacci, C.; Nassa, G.; D’Arcangelo, D.; Senatore, C.; Pagnotto, P.; Magliozzi, R.;
Salvati, A.; Weisz, A.; et al. TNF-alpha and metalloproteases as key players in melanoma cells aggressiveness.
J. Exp. Clin. Cancer Res. 2018, 37, 326. [CrossRef] [PubMed]

3. Eggermont, A.M.; Spatz, A.; Robert, C. Cutaneous melanoma. Lancet 2014, 383, 816827. [CrossRef]
4. Matthews, N.H.; Li, W.-Q.; Qureshi, A.A.; Weinstock, M.A.; Cho, E. Epidemiology of melanoma. In Cutaneous

Melanoma: Etiology and Therapy; Ward, W.H., Farma, J.M., Eds.; Codon Publications: Brisbane, Austrilia, 2017.
5. Jansen, B.; Wacheck, V.; Heere-Ress, E.; Schlagbauer-Wadl, H.; Hoeller, C.; Lucas, T.; Hoermann, M.;

Hollenstein, U.; Wolff, K.; Pehamberger, H. Chemosensitisation of malignant melanoma by BCL2 antisense
therapy. Lancet 2000, 356, 1728–1733. [CrossRef]

6. Balch, C.M.; Gershenwald, J.E.; Soong, S.-J.; Thompson, J.F.; Atkins, M.B.; Byrd, D.R.; Buzaid, A.C.;
Cochran, A.J.; Coit, D.G.; Ding, S.; et al. Final version of 2009 AJCC melanoma staging and classification.
J. Clin. Oncol. 2009, 27, 6199–6206. [CrossRef]

7. Santini, R.; Vinci, M.C.; Pandolfi, S.; Penachioni, J.Y.; Montagnani, V.; Olivito, B.; Gattai, R.; Pimpinelli, N.;
Gerlini, G.; Borgognoni, L.; et al. Hedgehog-gli signaling drives self-renewal and tumorigenicity of human
melanoma-initiating cells. Stem Cells 2012, 30, 1808–1818. [CrossRef]

8. Gaggioli, C.; Sahai, E.M. Melanoma invasion? Current knowledge and future directions. Pigment. Cell Res.
2007, 20, 161–172. [CrossRef]

9. Sieg, D.J.; Hauck, C.R.; Ilic, D.; Klingbeil, C.K.; Schaefer, E.; Damsky, C.H.; Schlaepfer, D.D. FAK integrates
growth-factor and integrin signals to promote cell migration. Nat. Cell Biol. 2000, 2, 249–256. [CrossRef]

10. Liu, J.-F.; Lai, K.; Peng, S.-F.; Maraming, P.; Huang, Y.-P.; Huang, A.-C.; Chueh, F.-S.; Huang, W.-W.;
Chung, J.-G. Berberine inhibits human melanoma A375.S2 cell migration and invasion via affecting the FAK,
uPA, and NF-κB signaling pathways and inhibits PLX4032 resistant A375.S2 cell migration in vitro. Molecules
2018, 23, 2019. [CrossRef]

11. Nikkola, J.; Vihinen, P.; Vuoristo, M.-S.; Kellokumpu-Lehtinen, P.; Kähäri, V.-M.; Pyrhönen, S. High serum
levels of matrix metalloproteinase-9 and matrix metalloproteinase-1 are associated with rapid progression in
patients with metastatic melanoma. Clin. Cancer Res. 2005, 11, 5158–5166. [CrossRef]

12. Malaponte, G.; Zacchia, A.; Bevelacqua, Y.; Marconi, A.; Perrotta, R.; Mazzarino, M.C.; Cardile, V.; Stivala, F.
Co-regulated expression of matrix metalloproteinase-2 and transforming growth factor-β in melanoma
development and progression. Oncol. Rep. 2010, 24. [CrossRef]

13. Semenza, G.L. Hypoxia and cancer. Cancer Metastasis Rev. 2007, 26, 223. [CrossRef] [PubMed]
14. Matolay, O.; Méhes, G. Sustain, adapt and overcome-Hypoxia associated changes in the progression of

lymphatic neoplasia. Front. Oncol. 2019, 9, 1277. [CrossRef] [PubMed]

208



Cancers 2020, 12, 3018

15. Morris, J.C.; Chiche, J.; Grellier, C.; Lopez, M.; Bornaghi, L.F.; Maresca, A.; Supuran, C.T.; Pouysségur, J.;
Poulsen, S.-A. Targeting hypoxic tumor cell viability with carbohydrate-based carbonic anhydrase IX and
XII inhibitors. J. Med. Chem. 2011, 54, 6905–6918. [CrossRef]

16. Mboge, M.Y.; Mahon, B.P.; Agbandje-McKenna, M.; Frost, S.C. Carbonic anhydrases: Role in pH control and
cancer. Metabolities 2018, 8, 19. [CrossRef]

17. Haapasalo, J.; Nordfors, K.; Haapasalo, H.; Parkkila, S. The expression of carbonic anhydrases II, IX and XII
in brain tumors. Cancers 2020, 12, 1723. [CrossRef] [PubMed]

18. Lomelino, C.L.; Supuran, C.T.; McKenna, R. Non-Classical inhibition of carbonic anhydrase. Int. J. Mol. Sci.
2016, 17, 1150. [CrossRef] [PubMed]

19. Supuran, C.T.; Winum, J.-Y. Designing carbonic anhydrase inhibitors for the treatment of breast cancer.
Expert Opin. Drug Discov. 2015, 10, 591–597. [CrossRef]

20. McDonald, P.C.; Winum, J.-Y.; Supuran, C.T.; Dedhar, S. Recent developments in targeting carbonic anhydrase
IX for cancer therapeutics. Oncotarget 2012, 3, 84–97. [CrossRef]

21. Kivelä, A.J.; Parkkila, S.; Saarnio, J.; Karttunen, T.J.; Kivelä, J.; Parkkila, A.-K.; Pastoreková, S.; Pastorek, J.;
Waheed, A.; Sly, W.S.; et al. Expression of transmembrane carbonic anhydrase isoenzymes IX and XII in
normal human pancreas and pancreatic tumours. Histochem. Cell Biol. 2000, 114, 197–204. [CrossRef]

22. Ilie, M.I.; Hofman, V.; Ortholan, C.; El Ammadi, R.; Bonnetaud, C.; Havet, K.; Vénissac, N.; Mouroux, J.;
Mazure, N.M.; Pouysségur, J.; et al. Overexpression of carbonic anhydrase XII in tissues from resectable
non-small cell lung cancers is a biomarker of good prognosis. Int. J. Cancer 2010, 128, 1614–1623. [CrossRef]

23. Kopecka, J.; Campia, I.; Jacobs, A.; Frei, A.P.; Ghigo, D.; Wollscheid, B.; Riganti, C. Carbonic anhydrase
XII is a new therapeutic target to overcome chemoresistance in cancer cells. Oncotarget 2015, 6, 6776–6793.
[CrossRef] [PubMed]

24. Supuran, C.T. Carbonic anhydrases: Novel therapeutic applications for inhibitors and activators. Nat. Rev.
Drug Discov. 2008, 7, 168–181. [CrossRef] [PubMed]

25. Kim, J.-Y.; Shin, H.-J.; Kim, T.H.; Cho, K.-H.; Shin, K.-H.; Kim, B.-K.; Roh, J.-W.; Lee, S.; Park, S.-Y.; Hwang, Y.-J.;
et al. Tumor-associated carbonic anhydrases are linked to metastases in primary cervical cancer. J. Cancer
Res. Clin. Oncol. 2006, 132, 302–308. [CrossRef]

26. Chiche, J.; Ilc, K.; Laferrière, J.; Trottier, E.; Dayan, F.; Mazure, N.M.; Brahimi-Horn, M.C.; Pouysségur, J.
Hypoxia-Inducible carbonic anhydrase IX and XII promote tumor cell growth by counteracting acidosis
through the regulation of the intracellular pH. Cancer Res. 2009, 69, 358–368. [CrossRef] [PubMed]

27. Chen, Z.; Ai, L.; Mboge, M.Y.; Tu, C.; McKenna, R.; Brown, K.D.; Heldermon, C.D.; Frost, S.C. Differential
expression and function of CAIX and CAXII in breast cancer: A comparison between tumorgraft models and
cells. PLoS ONE 2018, 13, e0199476. [CrossRef] [PubMed]

28. Robertson, N.; Potter, C.; Harris, A.L. Role of carbonic anhydrase IX in human tumor cell growth, survival,
and invasion. Cancer Res. 2004, 64, 6160–6165. [CrossRef]

29. Lou, Y.; McDonald, P.C.; Oloumi, A.; Chia, S.; Ostlund, C.; Ahmadi, A.; Kyle, A.; Keller, U.A.D.; Leung, S.;
Huntsman, D.; et al. Targeting tumor hypoxia: Suppression of breast tumor growth and metastasis by novel
carbonic anhydrase IX inhibitors. Cancer Res. 2011, 71, 3364–3376. [CrossRef]

30. Doyen, J.; Parks, S.K.; Marcié, S.; Pouysségur, J.; Chiche, J. Knock-down of hypoxia-induced carbonic
anhydrases IX and XII radiosensitizes tumor cells by increasing intracellular acidosis. Front. Oncol. 2013, 2.
[CrossRef]

31. Von Neubeck, B.; Gondi, G.; Riganti, C.; Pan, C.; Damas, A.P.; Scherb, H.; Ertürk, A.; Zeidler, R. An
inhibitory antibody targeting carbonic anhydrase XII abrogates chemoresistance and significantly reduces
lung metastases in an orthotopic breast cancer model in vivo. Int. J. Cancer 2018, 143, 2065–2075. [CrossRef]

32. Li, Y.; Lei, B.; Zou, J.; Wang, W.; Chen, A.; Zhang, J.; Fu, Y.; Li, Z. High expression of carbonic anhydrase 12
(CA12) is associated with good prognosis in breast cancer. Neoplasma 2019, 66, 420–426. [CrossRef] [PubMed]

33. Cau, Y.; Vullo, D.; Mori, M.; Dreassi, E.; Supuran, C.T.; Botta, M. Potent and selective carboxylic acid inhibitors
of tumor-associated carbonic anhydrases IX and XII. Molecules 2017, 23, 17. [CrossRef]

34. Mori, M.; Cau, Y.; Vignaroli, G.; Laurenzana, I.; Caivano, A.; Vullo, D.; Supuran, C.T.; Botta, M. Hit recycling:
Discovery of a potent carbonic anhydrase inhibitor by in silico target fishing. ACS Chem. Biol. 2015, 10,
1964–1969. [CrossRef] [PubMed]

209



Cancers 2020, 12, 3018

35. Guerrini, G.; Durivault, J.; Filippi, I.; Criscuoli, M.; Monaci, S.; Pouyssegur, J.; Naldini, A.; Carraro, F.; Parks, S.
Carbonic anhydrase XII expression is linked to suppression of Sonic hedgehog ligand expression in triple
negative breast cancer cells. Biochem. Biophys. Res. Commun. 2019, 516, 408–413. [CrossRef] [PubMed]

36. Guerrini, G.; Criscuoli, M.; Filippi, I.; Naldini, A.; Carraro, F. Inhibition of smoothened in breast cancer cells
reduces CAXII expression and cell migration. J. Cell. Physiol. 2018, 233, 9799–9811. [CrossRef]

37. Scales, S.J.; De Sauvage, F.J. Mechanisms of Hedgehog pathway activation in cancer and implications for
therapy. Trends Pharmacol. Sci. 2009, 30, 303–312. [CrossRef] [PubMed]

38. Varjosalo, M.; Taipale, J. Hedgehog: Functions and mechanisms. Genes Dev. 2008, 22, 2454–2472. [CrossRef]
39. Zeng, X.; Ju, D. Hedgehog signaling pathway and autophagy in cancer. Int. J. Mol. Sci. 2018, 19, 2279.

[CrossRef]
40. Briscoe, J.; Thérond, P.P. The mechanisms of hedgehog signalling and its roles in development and disease.

Nat. Rev. Mol. Cell Biol. 2013, 14, 416–429. [CrossRef]
41. Feldmann, G.; Dhara, S.; Fendrich, V.; Bedja, D.; Beaty, R.; Mullendore, M.; Karikari, C.; Alvarez, H.;

Iacobuzio-Donahue, C.; Jimeno, A.; et al. Blockade of hedgehog signaling inhibits pancreatic cancer invasion
and metastases: A new paradigm for combination therapy in solid cancers. Cancer Res. 2007, 67, 2187–2196.
[CrossRef]

42. Rubin, L.L.; De Sauvage, F.J. Targeting the hedgehog pathway in cancer. Nat. Rev. Drug Discov. 2006, 5,
1026–1033. [CrossRef]

43. Qualtrough, D.; Buda, A.; Gaffield, W.; Williams, A.C.; Paraskeva, C. Hedgehog signalling in colorectal
tumour cells: Induction of apoptosis with cyclopamine treatment. Int. J. Cancer 2004, 110, 831–837. [CrossRef]
[PubMed]

44. Sanchez, P.; Hernández, A.M.; Stecca, B.; Kahler, A.J.; DeGueme, A.M.; Barrett, A.; Beyna, M.;
Datta, M.W.; Datta, S.; i Altaba, A.R. Inhibition of prostate cancer proliferation by interference with
SONIC HEDGEHOG-GLI1 signaling. Proc. Natl. Acad. Sci. USA 2004, 101, 12561–12566. [CrossRef]
[PubMed]

45. Pavlick, A.; Zhang, X.; Chamness, G.; Wong, H.; Rosen, J.; Chang, J.C.; Varmus, H.E. PMCID: PMC1635021.
Breast Cancer Res Treat. 2009, 115, 505–521.

46. Chen, J.; Zhou, X.; Yang, J.; Sun, Q.; Liu, Y.; Li, N.; Zhang, Z.; Xu, H. Circ-GLI1 promotes metastasis in
melanoma through interacting with p70S6K2 to activate Hedgehog/GLI1 and Wnt/β-catenin pathways and
upregulate Cyr61. Cell Death Dis. 2020, 11, 1–16. [CrossRef]

47. Andreucci, E.; Peppicelli, S.; Ruzzolini, J.; Bianchini, F.; Biagioni, A.; Papucci, L.; Magnelli, L.; Mazzanti, B.;
Stecca, B.; Calorini, L. The acidic tumor microenvironment drives a stem-like phenotype in melanoma cells.
J. Mol. Med. 2020, 2020, 1–16. [CrossRef]

48. Chafe, S.C.; McDonald, P.C.; Saberi, S.; Nemirovsky, O.; Venkateswaran, G.; Burugu, S.; Gao, D.; Delaidelli, A.;
Kyle, A.H.; Baker, J.H.; et al. Targeting hypoxia-induced carbonic anhydrase IX enhances immune-checkpoint
blockade locally and systemically. Cancer Immunol. Res. 2019, 7, 1064–1078. [CrossRef]

49. O’Reilly, K.E.; De Miera, E.V.-S.; Segura, M.F.; Friedman, E.; Poliseno, L.; Han, S.W.; Zhong, J.; Zavadil, J.;
Pavlick, A.C.; Hernando, E.; et al. Hedgehog pathway blockade inhibits melanoma cell growth in vitro and
in vivo. Pharmaceuticals 2013, 6, 1429–1450. [CrossRef]

50. Duan, F.; Lin, M.; Li, C.; Ding, X.; Qian, G.; Zhang, H.; Ge, S.; Fan, X.; Li, J. Effects of inhibition of hedgehog
signaling on cell growth and migration of uveal melanoma cells. Cancer Biol. Ther. 2014, 15, 544–559.
[CrossRef]

51. Oliveira, A.D.S.D.; Yang, L.; Echevarria-Lima, J.; Monteiro, R.Q.; Rezaie, A.R. Thrombomodulin modulates
cell migration in human melanoma cell lines. Melanoma Res. 2014, 24, 11–19. [CrossRef]

52. Xiao, P.; Zheng, B.; Sun, J.; Yang, J. Biochanin A induces anticancer effects in SK-Mel-28 human malignant
melanoma cells via induction of apoptosis, inhibition of cell invasion and modulation of NF-κB and MAPK
signaling pathways. Oncol. Lett. 2017, 14, 5989–5993. [CrossRef] [PubMed]

53. Sun, B.; Zhang, D.; Zhang, S.; Zhang, W.; Guo, H.; Zhao, X. Hypoxia influences vasculogenic mimicry channel
formation and tumor invasion-related protein expression in melanoma. Cancer Lett. 2007, 249, 188–197.
[CrossRef]

54. Hanna, S.C.; Krishnan, B.; Bailey, S.T.; Moschos, S.J.; Kuan, P.-F.; Shimamura, T.; Osborne, L.D.; Siegel, M.B.;
Duncan, L.M.; O’Brien, E.T.; et al. HIF1α and HIF2α independently activate SRC to promote melanoma
metastases. J. Clin. Investig. 2013, 123, 2078–2093. [CrossRef] [PubMed]

210



Cancers 2020, 12, 3018

55. Widmer, D.S.; Hoek, K.S.; Cheng, P.F.; Eichhoff, O.M.; Biedermann, T.; Raaijmakers, M.I.; Hemmi, S.;
Dummer, R.; Levesque, M.P. Hypoxia contributes to melanoma heterogeneity by triggering HIF1α-dependent
phenotype switching. J. Investig. Dermatol. 2013, 133, 2436–2443. [CrossRef] [PubMed]

56. Asnaghi, L.; Lin, M.H.; Lim, K.S.; Lim, K.J.; Tripathy, A.; Wendeborn, M.; Merbs, S.L.; Handa, J.T.; Sodhi, A.;
Bar, E.E.; et al. Hypoxia promotes uveal melanoma invasion through enhanced notch and mapk activation.
PLoS ONE 2014, 9, e105372. [CrossRef]

57. Bedogni, B.; Powell, M.B. Hypoxia, melanocytes and melanoma-survival and tumor development in the
permissive microenvironment of the skin. Pigment. Cell Melanoma Res. 2009, 22, 166–174. [CrossRef]

58. Hess, A.R.; Postovit, L.-M.; Margaryan, N.V.; Seftor, E.A.; Schneider, G.; Nickoloff, B.J.; Hendrix, M.J. Focal
adhesion kinase promotes the aggressive melanoma phenotype. Cancer Res. 2005, 65, 9851–9860. [CrossRef]

59. Park, S.H.; Jeong, S.; Kim, B.R.; Jeong, Y.A.; Kim, J.L.; Na, Y.J.; Jo, M.J.; Yun, H.K.; Kim, D.Y.; Kim, B.G.; et al.
Activating CCT2 triggers Gli-1 activation during hypoxic condition in colorectal cancer. Oncogene 2019, 39,
136–150. [CrossRef]

60. Li, H.; Yue, D.-S.; Jin, J.Q.; Woodard, G.A.; Tolani, B.; Luh, T.M.; Giroux-Leprieur, E.; Mo, M.; Chen, Z.;
Che, J.; et al. Gli promotes epithelial-mesenchymal transition in human lung adenocarcinomas. Oncotarget
2016, 7, 80415–80425. [CrossRef]

61. Aiello, N.M.; Maddipati, R.; Norgard, R.J.; Balli, D.; Li, J.; Yuan, S.; Yamazoe, T.; Black, T.; Sahmoud, A.;
Furth, E.E.; et al. EMT subtype influences epithelial plasticity and mode of cell migration. Dev. Cell 2018, 45,
681–695. [CrossRef]

62. Byles, V.; Zhu, L.; Lovaas, J.D.; Chmilewski, L.K.; Wang, J.; Faller, D.V.; Dai, Y. SIRT1 induces EMT by
cooperating with EMT transcription factors and enhances prostate cancer cell migration and metastasis.
Oncogene 2012, 31, 4619–4629. [CrossRef]

63. Yee, V.S.; Thompson, J.F.; McKinnon, J.G.; Scolyer, R.A.; Li, L.-X.L.; McCarthy, W.H.; O’Brien, C.J.; Quinn, M.J.;
Saw, R.P.; Shannon, K.F.; et al. Outcome in 846 cutaneous melanoma patients from a single center after a
negative sentinel node biopsy. Ann. Surg. Oncol. 2005, 12, 429–439. [CrossRef] [PubMed]

64. Hsieh, M.-J.; Chen, K.-S.; Chiou, H.-L.; Hsieh, Y.-S. Carbonic anhydrase XII promotes invasion and migration
ability of MDA-MB-231 breast cancer cells through the p38 MAPK signaling pathway. Eur. J. Cell Biol. 2010,
89, 598–606. [CrossRef] [PubMed]

65. Naldini, A.; Filippi, I.; Ardinghi, C.; Silini, A.R.; Giavazzi, R.; Carraro, F. Identification of a functional role for
the protease-activated receptor-1 in hypoxic breast cancer cells. Eur. J. Cancer 2009, 45, 454–460. [CrossRef]

66. Albini, A.; Iwamoto, Y.; Kleinman, H.K.; Martin, G.R.; Aaronson, S.A.; Kozlowski, J.M.; McEwan, R.N.
A rapid in vitro assay for quantitating the invasive potential of tumor cells. Cancer Res. 1987, 47, 3239–3245.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

211





cancers

Article

Arthralgia Induced by BRAF Inhibitor Therapy in
Melanoma Patients

Martin Salzmann 1 , Karolina Benesova 2, Kristina Buder-Bakhaya 1, Dimitrios Papamichail 3,
Antonia Dimitrakopoulou-Strauss 3, Hanns-Martin Lorenz 2, Alexander H. Enk 1 and
Jessica C. Hassel 1,*

1 Department of Dermatology and National Center for Tumor Diseases, University Hospital Heidelberg,
Im Neuenheimer Feld 460, 69120 Heidelberg, Germany; Martin.Salzmann@med.uni-heidelberg.de (M.S.);
kristina_buder@web.de (K.B.-B.); alexander.enk@med.uni-heidelberg.de (A.H.E.)

2 Division of Rheumatology, Department of Medicine V, University Hospital Heidelberg, Im Neuenheimer
Feld 410, 69120 Heidelberg, Germany; karolina.benesova@med.uni-heidelberg.de (K.B.);
Hannes.Lorenz@med.uni-heidelberg.de (H.-M.L.)

3 Clinical Cooperation Unit Nuclear Medicine, German Cancer Research Center, Im Neuenheimer Feld 280,
69120 Heidelberg, Germany; dimitris.papamihail@gmail.com (D.P.); ads@ads-net.de (A.D.-S.)

* Correspondence: jessica.hassel@med.uni-heidelberg.de; Tel.: +49-62215638503

Received: 19 August 2020; Accepted: 15 October 2020; Published: 16 October 2020
����������
�������

Simple Summary: BRAF inhibitors (BRAFi) are standard of care for BRAF-mutated metastatic
melanoma (MM). One of the most common side effects is arthralgia, for which a high incidence has
been described, but whose clinical presentation and management have not yet been characterized.
The aim of this retrospective study was to assess the patterns and clinical course of this drug-induced
joint pain and to discuss a potential pathogenesis based on our clinical findings. In our cohort of
patients treated with BRAFi between 2010 and 2018, 48 of 154 (31%) patients suffered from new-onset
joint pain, which primarily affected small joints with a symmetrical pattern, as can be observed in
patients affected by rheumatoid arthritis, the most frequent rheumatic and musculoskeletal disease.
Most cases were sufficiently treated by non-steroidal anti-inflammatory drugs; however, some patients
required dose reduction or permanent discontinuation of the BRAFi. Interestingly, we found that the
occurrence of arthralgia was associated with better tumor control.

Abstract: Introduction: BRAF inhibitors (BRAFi), commonly used in BRAF-mutated metastatic
melanoma (MM) treatment, frequently cause arthralgia. Although this is one of the most common
side effects, it has not been characterized yet. Methods: We retrospectively included all patients
treated with BRAFi +/−MEK inhibitors (MEKi) for MM at the National Center for Tumor Diseases
(Heidelberg) between 2010 and 2018 and reviewed patient charts for the occurrence and management
of arthralgia. The evaluation was supplemented by an analysis of frozen sera. Results: We included
154 patients (63% males); 31% (48/154) of them reported arthralgia with a median onset of 21 days
after the start of the therapy. Arthralgia mostly affected small joints (27/36, 75%) and less frequently
large joints (19/36, 53%). The most commonly affected joints were in fingers (19/36, 53%), wrists (16/36,
44%), and knees (12/36, 33%). In 67% (24/36) of the patients, arthralgia occurred with a symmetrical
polyarthritis, mainly of small joints, resembling the pattern typically observed in patients affected
by rheumatoid arthritis (RA), for which a role of the MAPK signaling pathway was previously
described. Patients were negative for antinuclear antibodies, anti-citrullinated protein antibodies,
and rheumatoid factor; arthritis was visible in 10 of 13 available PET–CT scans. The development of
arthralgia was linked to better progression-free survival and overall survival. Conclusion: Arthralgia
is a common side effect in patients receiving BRAFi +/−MEKi therapy and often presents a clinical
pattern similar to that observed in RA patients. Its occurrence was associated with longer-lasting
tumor control.
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1. Introduction

BRAF inhibitors (BRAFi), which are usually used in combination with MEK inhibitors (MEKi),
are important in the therapy of BRAF-mutated metastatic melanoma (MM). Arthralgia is acknowledged
as one of the most common adverse events (AE) of BRAFi therapy. However, dedicated research on its
clinical presentation, relevance, pathogenesis, and management is currently not available.

As shown in Table 1, up to about two-thirds of patients treated with vemurafenib monotherapy
experience arthralgia of any grade; however, severe arthralgia (common terminology criteria for
adverse events (CTC-AE) grade 3–4 [1]) was reported in less than 3–7% of patients [2–10]. In contrast,
lower incidences of arthralgia were reported for dabrafenib (25–35% of patients) [11–14] and for
encorafenib monotherapy (44% of patients) [9]. Only few publications report the incidence of arthralgia
in patients treated with a combination therapy of BRAF and MEK inhibitors [9,12,14,15]. An analysis
of real-world patients revealed arthralgia or myalgia in 32.9% of patients, with higher rates in those
receiving BRAFi monotherapy [16]. Since rheumatologic AEs are frequently seen in patients treated
with various anticancer medications, the CTC-AE v5.0 have now been adapted for their proper
evaluation, after previous versions likely underestimated the impact of this side effect on patients’
activities of daily living [17,18].

Table 1. Reported incidence of arthralgia in major publications on BRAF inhibitors (BRAFi) therapy.

Drug Study n
Arthralgia
Any Grade

(%)

Arthralgia
Grade 3/4

(%)
Comments

Vemurafenib Chapman et al. 2011 [2] 336 n/a 11 (3) grade 1 not documented; 60 patients
(18%) experienced grade 2 arthralgia

Sosman et al. 2012 [3] 132 78 (59) 8 (6)

Larkin et al. 2014 [4] 3222 1259 (39) 106 (3)

Kim et al. 2014 [5] 336 180 (54) 15 (5) vs. dacarbacine (3% overall)

Arance et al. 2016 [6] 301 134 (44) 16 (5)

Blank et al. 2017 [7] 3219 1201 (37) 102 (3)

Maio et al. 2018 [8] 247 151 (61) 17 (7) adjuvant; vs. placebo (22% overall)

Dummer et al. 2018 [9] 186 85 (46) 11 (6)

Si et al. 2018 [10] 46 30 (65) 0 (0)

Vemurafenib +
Cobimetinib Ribas et al. 2014 [15] 63 30 (48) 7 (11)

(Ribas et al. 2014 [15]) 66 8 (12) 1 (2) patients had progressed under
previous vemurafenib therapy

Dabrafenib Hauschild et al. 2012 [11] 100 n/a 1 (1)
Grade 1 not documented;
9 (5%) patients experienced grade 2
arthralgia

Flaherty et al. 2012 [12] 53 18 (34) 0 (0)

Ascierto et al. 2013 [13] 92 30 (33) 1 (1)

Long et al. 2014 [14] 211 58 (27) 0 (0)

Dabrafenib +
Trametinib Flaherty et al. 2012 [12] 55 15 (27) 0 (0) 44% any grade in 1 mg trametinib

group

Long et al. 2014 [14] 209 52 (24) 1 (0)

Encorafenib Dummer et al. 2018 [9] 192 85 (44) 18 (9)

Encorafenib +
Binimetinib Dummer et al. 2018 [9] 192 54 (28) 2 (1)
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Collectively, arthralgia under BRAFi is commonly seen for all mono- and combination treatments
as one of the most prevalent, class-specific side effects. However, no study has ever described its
clinical presentation and relevance in patient care, with the exception of some case reports [19–21].
Furthermore, no study has been investigating its pathogenesis.

The aim of our analysis was to better describe the clinical patterns of arthralgia and its management
during treatment with BRAFi and propose mechanisms of pathogenesis based on the clinical findings.

2. Methods

2.1. Patients

We systematically included all patients treated with BRAFi with or without MEKi in the approved
doses for MM at the National Center for Tumor diseases (NCT) at the University Hospital of Heidelberg,
Germany, between 01/2010 and 10/2018 and retrospectively screened clinical data for the incidence and
localization of arthralgia and its management. Data were collected during clinical routine, no data were
collected for the purpose of this study. Since the study was designed to describe a class-specific side
effect occurring with both monotherapy and combination therapy [22], patients receiving monotherapy
were included, even though this is no longer the treatment standard. All conclusions on progression-free
survival (PFS) and overall survival (OS) were backed by multivariate analyses due to potential bias of
patients receiving monotherapy.

The patient selection process is displayed in Figure 1. Final follow-up was completed on 31 January
2019. Patients administered concurrent immune checkpoint blockers and patients not evaluable due to
external treatment monitoring or duration of therapy of less than 15 days were excluded. Patients
with known joint disease before the start of the therapy or arthralgia due to metastatic disease of the
joint region were removed from further analysis of the arthralgia group. The BRAFi encorafenib in
combination with the MEKi binimetinib has been approved for clinical use in Germany in 2018; due to
the different power of this drug combination and its peculiar affinity during binding to melanoma
cells, the only patient treated with it was excluded from the analysis.
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2.2. Data Collection

Clinical and laboratory checks were routinely performed before treatment start, 2 weeks and
4 weeks after start, and then every 4 weeks. Imaging was performed every 12 weeks using CT of
the neck/chest/abdomen or whole-body FDG-PET/CT scan, each combined with an MRI of the brain.
Response to treatment was defined according to the Response Evaluation Criteria in Solid Tumors
(RECIST) version 1.1 [23] and the PET Response Evaluation Criteria for Immunotherapy (PERCIMT) [24].
FDG-PET/CT was not done regularly, but if available, PET-CT scans were retrospectively evaluated
for radiologic signs of arthritis, indicated by a newly emerging or enhanced diffuse periarticular
radiotracer uptake in the joints.

We retrospectively analyzed frozen blood samples of patients for laboratory parameters of
inflammation, including anti-citrullinated protein antibodies (ACPA), antinuclear antibodies (ANA),
and rheumatoid factor (RF). C-reactive protein (CRP) levels were assessed regularly, and the value at
the date of onset of arthralgia retrospectively documented. All patients with available samples had
given their consent to retrospective research projects at the time of their blood draw.

2.3. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics, version 27. PFS and OS were
calculated from initiation of BRAFi treatment until progression or death from any cause, respectively.
In patients with no events of progression or death at the time of the final data analysis, the date of
last contact was used for censored calculation. Survival was estimated by the Kaplan–Meier method.
Univariate comparisons of Kaplan–Meier estimators were performed using the log-rank test. Two-sided
Fisher’s exact and Chi-square tests were used for comparisons among groups with categorical variables;
p values were considered significant if p < 0.05.

2.4. Ethical Approval

Retrospective analyses of clinical data were approved by the institutional review board of the
Medical Faculty of the University Hospital Heidelberg (no. S-069/2010). The ethical committee had
agreed to the retrospective analysis of routinely collected clinical data without prior informed consent
of patients.

3. Results

3.1. Patient Characteristics

We included 154 patients, 63% (97/154) male and 37% female, with a median age of 56 years (range
21–86 years). The identified BRAF mutation was V600E in 128 patients (83%), V600K in 15 (10%),
V600R in 2 (1%), and V600G in 1 patient (1%); the type of V600-mutation was unknown in 8 patients
(5%). Eighty-five patients (55%) were treated with vemurafenib monotherapy, 4 patients (3%) with
vemurafenib + cobimetinib, 13 patients (8%) with dabrafenib monotherapy, and 52 patients (34%) with
dabrafenib + trametinib. Overall, 98 patients (64%) were treated with BRAFi monotherapy, and 56
(36%) with combination therapy of BRAFi and MEKi. The median duration of therapy was 4.2 months
(0.5–93.5). In addition, 88 patients (57%) received no previous systemic treatment for MM, 44 (29%)
patients were administered one previous line of therapy, and 22 (14%) two or more previous lines,
with a maximum of four. Forty-five patients (29%) were previously treated with immune checkpoint
inhibitor (ICI) therapy, 22 of which received PD1-directed therapy as monotherapy or in combination
with ipilimumab. The last line of ICI treatment was discontinued due to progression in 36 patients (80%)
and due to unacceptable toxicity in 9 patients (20%); 44 patients (29%) were administered previous
adjuvant interferon therapy. The response rate (RR) of our cohort was 55% (79/154), and the disease
control rate (DCR) 75% (109/154). Median PFS was 5.3 months, median OS was 10.1 months; further
results on treatment efficacy are described in the respective sections. All 154 patients had adverse
events due to BRAFi treatment. In 8 cases (5%), therapy was ongoing at the time of data collection.
Patient characteristics are shown in Table 2.
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Table 2. Patient characteristics. MEKi, MEK inhibitors.

Parameter Number of Patients in
Total Cohort

Number of Patients in
Arthralgia Cohort

(%) (%)

Total number of patients 154 100 48 31.2

Age in years, median (range) 56 (21–86) 53 (28–79)

Gender
Male 97 63.0 28 58.3
Female 57 37.0 20 41.7

BRAF mutation
V600E 128 83.1 42 89.4
V600K 15 9.7 4 8.5
V600R 2 1.3 0 0
V600G 1 0.6 0 0
unknown 8 5.2 2 4.2

Type of BRAFi used
Vemurafenib 85 55.2 31 64.6
Vemurafenib + Cobimetinib 4 2.6 0 0
Dabrafenib 13 8.4 3 6.3
Dabrafenib + Trametinib 52 33.8 14 29.2

BRAFi monotherapy 98 63.6 34 70.8

BRAFi + MEKi 56 36.4 14 29.2

Duration of BRAFi treatment, median
in months, (range in months) 4.2 (0.5–93.5) 7.5 (1.4–93.5)

Number of prior treatments (range) (0–4) (0–4)
0 88 57.1 32 66.7
1 44 28.6 9 18.8
>1 22 14.3 7 14.6

Previous checkpoint inhibitor therapy 45 29.2 7 14.6
Previous PD1-inhibitor 22 14.2 3 6.3
Previous ipilimumab 38 24.7 5 10.4
Previous ipilimumab + nivolumab 10 6.5 1 2.1
Discontinued due to progression 36 (of 45) 80.0 6 (of 7) 85.7
Discontinued due to toxicity 9 (of 45) 20.0 1 (of 7) 14.3
Previous adjuvant interferon 44 28.6 13 27.1

Response 79 54.5 31 64.6

Disease control 109 75.2 41 85.4

Progression-free survival
(median in months) [95% CI] 5.3 [4.7–5.9] 7.9 [5.7–10.1]

Overall survival
(median in months) [95% CI] 10.1 [8.8–11.4] 14.9 [12.4–17.4]

Any adverse event 154 100 48 100

Treatment discontinued 146 94.8 45 93.8

3.2. Arthralgia

Arthralgia occurred in 48 of the 154 patients, with an incidence of 31.2% in our cohort. The median
onset of arthralgia was at 21 days (range 1–338), and the median duration was 65 days (range 2–2623).
We found that 26 patients (54.2%) reported spontaneous cessation of arthralgia despite ongoing therapy,
and 21 patients (43.8%) had symptoms until discontinuation; for one patient, the exact date of arthralgia
cessation is unknown. No patient reported symptoms beyond the discontinuation of BRAFi therapy.
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The localization of arthralgia was documented in detail in 36 of the 48 patients; 7 patients reported
generalized arthralgia, and in 5 cases, the localization was unknown. Overall, small joints were
predominantly affected (27/36, 75%); less patients reported involvement of large joints (19/36, 53%).
Arthralgia affected most frequently the finger joints (19/36, 53%) and wrists (16/36, 44%), followed by
knees (12/36, 33%), ankles (10/36, 28%), shoulders (8/36, 25%), and feet/toes (6/36, 17%). Hips or back
were involved in one case each. In the majority of patients, arthralgia occurred symmetrically (32/41,
78%, 7 not evaluable). All patients with the involvement of small joints presented arthralgia in several
small joints. A summary of the presentation of arthralgia is shown in Table 3.

Table 3. Clinical presentation of arthralgia.

Parameter Number of Patients

(%)
Arthralgia with detailed information 36 100
Involvement of small joints 27 75

Finger joints 19 52.8
Wrists 16 44.4
Feet/toes 6 16.7

Involvement of large joints 19 52.8
Knees 12 33.3
Ankles 10 27.8
Shoulders 8 25
Hips 1 2.8
Back 1 2.8

Involvement of small joints only 17 47.2
Involvement of large joints only 9 25.0
Involvement of small and large joints 10 27.8
Symmetrical involvement 32 (of 41 evaluable) 78.0
Symmetrical polyarthritis of primarily small joints 24 66.7

Cases and data were critically discussed and compared to those of known diseases. With symmetrical
polyarticular involvement of primarily small joints, the pattern of involvement resembled the typical
presentation of rheumatoid arthritis (RA) in 24 of 36 cases (67%). As the regular rheumatic conditions’
symptom of morning stiffness was not documented thoroughly in clinical routine and not included in
the analysis, the 1987 American College of Rheumatology (ACR) classification criteria for rheumatoid
arthritis were not applicable [25]. Only 19% of patients (7/36) fulfilled the 2010 European League
Against Rheumatism (EULAR)/ACR classification criteria [26]. However, the exact number of involved
joints may be underestimated in clinical routine documentation without rheumatologic examination,
and serology did not provide points in the scoring system.

3.3. Influencing Factors in the Development of Arthralgia

We found that 35% (34/98) of patients treated with BRAFi monotherapy developed arthralgia,
compared to 25% (14/56) of those undergoing treatment with BRAFi + MEKi. This difference in
the occurrence of arthralgia between patients treated with BRAFi monotherapy and those receiving
combination treatment was not statistically significant in our cohort (p = 0.254). Considering all
studied agents, there was a trend towards the highest incidence of arthralgia in patients treated with
vemurafenib (36% (30/84 patients) vs. 26% (18/70 patients), p = 0.182). Patients treated with ICI before
initiation of the BRAFi treatment had significantly lower rates of de novo arthralgia (38% (41/109) vs.
16% (7/45), p = 0.009). However, five of these patients required prednisolone treatment at a dose of
5–80 mg per day for immune-related adverse events (irAE), and none of these patients developed
arthralgia during BRAFi treatment. Of four patients with previous PD1 inhibitor therapy-induced
arthralgia, only one developed arthralgia also during BRAFi treatment, which additionally affected
small joints. The development of arthralgia was also suppressed by dexamethasone treatment for
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brain metastases, with arthralgia documented in only 4 of 28 patients (14%, vs. 35% (44/126), p = 0.033).
One patient developed arthralgia after discontinuing dexamethasone 7 weeks into BRAFi treatment.

3.4. Imaging

For 13 of 48 symptomatic patients, FDG-PET/CT scans during BRAFi treatment were available.
Imaging confirmed arthritis in 77% (10/13) of patients, which corresponded to the clinically described
joint region of arthralgia in 7 of them (58%). Eight patients (62%) had also increased FDG uptake in
asymptomatic joints. Figure 2 shows an example of enhanced FDG uptake in the joints of a symptomatic
70-year-old patient treated with dabrafenib and trametinib. Data on visible arthritis of asymptomatic
patients were not collected.
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Figure 2. A 70-year old patient after 3 months of therapy with dabrafenib + trametinib, demonstrating
radiologic signs of arthritis in PET/CT, reflected by a mostly symmetrical FDG uptake in elbows, wrists,
fingers, knees, ankles, and feet (of note, the patient was in remission extracranially). The patient
reported pain and swelling of fingers, wrists, and ankles.
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3.5. Serology

The levels of CRP, as an unspecific inflammatory parameter, were elevated in 79% of the cases
(34/43). Confronted with symptoms mimicking rheumatic diseases, and RA in particular, we analyzed
the sera of symptomatic patients for typical serological markers of RA. This included ACPA, RF,
and ANA titers. Frozen sera were available for 36 of the 48 patients (79%) in the arthralgia cohort.
ACPA were not detected in any patient, RF was elevated (30.1 IU/mL) in one patient, ANA were
significantly elevated in one patient (1:10,000) with an unspecific speckled pattern. Slightly elevated
ANA titers of 1:320 to 1:1280 were found in seven patients, with unspecific fluorescence patterns
and without positive extractable nuclear antigen antibody (ENA) titers or further clinical signs of
connective tissue disease.

3.6. Management of Arthralgia

Fourteen of the 48 patients (38%) did not require or refused any treatment for arthralgia.
The majority of patients were sufficiently managed with only metamizole sodium or non-steroidal
anti-inflammatory drugs (NSAIDs) like etoricoxib, indomethacin, diclofenac, or ibuprofen (22 of
48 patients, 46%).

In 6 of 48 patients (13%) low dose steroids (≤5 mg prednisone equivalent) were added to
metamizole sodium or NSAIDs. In 6 of 48 patients (13%) with refractory arthralgia, dose reduction of
the BRAFi was necessary in the course of treatment, in 2 cases BRAFi therapy had to be discontinued.

3.7. Treatment Efficacy

The median PFS was 5.3 months (95% confidence interval (CI) 4.7–5.9). This regarded patients
treated by BRAFi monotherapy as well as combination therapy. For patients receiving combination
treatment, the median PFS was 5.4 months (95% CI 4.6–6.2). An overview of factors influencing PFS is
shown in Table 4; all of them were subjected to multivariate Cox regression due to the potential bias of
different treatment regimens and disease status. PFS was significantly higher in the arthralgia cohort
(median 7.9 months (95% CI 5.7–10.1) vs. 4.2 months (95% CI 3.3–5.1 months), p = 0.001, Figure 3),
as confirmed by multivariate analysis. Patients requiring dose reduction or steroid treatment for
arthralgia did not have a shortened PFS compared to patients with no treatment or NSAIDs only
(p = 0.950). Also, glucocorticoid intake (5.7 months vs. 3.2 months, p = 0.000) and elevated lactate
dehydrogenase (LDH) levels (6.3 months vs. 3.6 months, p = 0.000) had an impact on PFS. Median
OS was 10.1 months (95% CI 8.8–11.4) and significantly higher in the arthralgia cohort (14.9 months
(95% CI 12.4–17.4) vs. 8.7 months (95% CI 7.8–9.6), p = 0.006). For OS, an influence of arthralgia
(odds ratio 0.62 (95% CI 0.40–0.96), p = 0.033), elevated LDH (odds ratio 2.59 (95% CI 1.76–3.68),
p < 0.001), and concurrent steroid treatment (odds ratio 1.65 (95% CI 1.04–2.62), p = 0.033) was found
in multivariate analysis.
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Table 4. Influence of age, sex, tumor stage, previous immune checkpoint inhibitor (ICI) treatment,
glucocorticoid intake, use of MEKi, BRAF mutation, elevated lactate dehydrogenase (LDH),
and arthralgia on progression-free survival (PFS). PFS was available for 147 patients. Multivariate
analysis was performed by Cox regression. Bold print indicates significant p values. * Two patients had
advanced locoregional disease without distant metastases.

Parameter Category n Univariate Analysis Multivariate Analysis

Median PFS
(Months)

CI (95%)
(Months) p Odds

Ratio CI (95%) p

Age <60 89 5.3 4.0–6.6
0.603 1.03 0.71–1.48 0.881

>60 58 4.8 4.1–5.5

Sex
Male 91 4.8 3.7–5.9

0.114 0.82 0.56–1.20 0.302Female 56 6.2 4.9–7.5

Stage (brain
metastases)

M0 *–M1c 86 6.2 5.4–7.0
0.000 1.63 1.10–2.45 0.017M1d 61 4.2 3.0–5.4

Previous ICI
treatment

no 104 5.3 4.0–6.6
0.948 0.74 0.49–1.13 0.487yes 43 5.3 4.6–6.0

Glucocorticoid
intake

no 111 5.7 4.9–6.5
0.000 1.92 1.23–3.00 0.004yes (any dose) 36 3.2 2.6–3.8

MEK
inhibitor used

no 93 4.8 3.2–6.4
0.367 0.76 0.52–1.12 0.165yes 54 5.4 4.6–6.2

BRAF
mutation

V600E 122 5.4 4.6–6.2
0.002 1.93 1.20–3.11 0.007other 25 3.1 2.5–3.7

Elevated LDH
no 74 6.3 4.8–7.8

0.000 2.09 1.44–3.02 0.000yes 69 3.6 2.8–4.4

Arthralgia no 101 4.2 3.3–5.1
0.001 0.52 0.34–0.78 0.002yes 46 7.9 5.7–10.1
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4. Discussion

Arthralgia induced by BRAFi therapy has not been characterized in detail previously, despite
its clinical relevance. Our results suggest a pattern with primarily symmetrical involvement of small
joints as observed in patients affected by RA, the most common rheumatic disease in adults. However,
only a minority of patients fulfilled the 2010 EULAR/ACR classification criteria of RA, with routine
clinical documentation likely underestimating the number of joints involved when no rheumatologic
assessment was performed. Similarly, for rheumatic immune-related adverse events induced by
checkpoint inhibitors, only 20% of patients fulfilled the respective criteria [27]. In contrast to irAEs, no
patient showed other symptoms of rheumatic disease beyond arthralgia, such as sicca or vasculitis.
Unspecific inflammatory parameters were found in 79% of patients with BRAFi-induced arthralgia, as
found for almost three-quarters of ICI-treated patients with irAEs showing elevated CRP levels. Specific
markers of rheumatic and connective tissue diseases were not detected in symptomatic patients, as is
usually the case for irAEs [17,18,27]. This is of particular interest, as seropositivity for RF and ACPA
is closely linked to a more aggressive course of disease and radiographic signs of bone damage [28].
The negativity of serological markers suggests that preformed autoantibodies for a rheumatic condition
are not a prerequisite to develop the respective symptoms. However, a significant proportion of RA
patients also remains seronegative throughout the course of the disease. Although new autoantibodies
continue to be discovered in RA and are not yet used in clinical routine [29], the self-limiting course
of BRAFi arthralgia supports a pro-inflammatory potential of BRAFi different from the pathogenic
mechanisms of autoimmune diseases.

Previous research into the role of the MAPK signaling pathway has proposed BRAF abnormalities
as a potential pathomechanism in RA: Weisbart et al. reported the BRAF V600R mutation in synovial
fibroblasts in two of nine RA patients [30] and aberrant BRAF splice variants in six of nine RA
patients [31]. Interestingly, mutated BRAF was detected more frequently in the peripheral blood
lymphocytes of RA patients than in controls [32] and was independent of treatment modalities. BRAF
was also found to be a target of autoantibodies in RA patients [33,34], but in contrast to RF and ACPA,
these are not screened for in clinical routine. An established testing kit was not available for analysis in
sera obtained from our patients for further investigation of this interesting link.

Thus, a possible hypothesis for arthralgia during BRAFi treatment is a paradoxical activation of
the MAPK pathway in synovial tissue and lymphocytes by BRAF V600E inhibition, with other MAPK
activating mutations possibly taking place. This effect might be comparable to the well-described
mechanism of development of cutaneous epithelial tumors during BRAFi treatment caused by cutaneous
RAS mutations [35,36]. Relevant MAPK pathway mutations will likely include additional mutations
to BRAF V600R, which is supported by the fact that in a reported case, Babacan et al. did not find this
mutation in their patient [21]. The hypothesis of paradoxical MAPK activation would be in accordance
with the early onset of the joint symptoms and their quick resolution after discontinuation of the
therapy. The idea of targeting the MAPK signaling pathway as a predominant cause of inflammation in
RA was already successfully tested by Thiel et al. [37] and later by Yamaguchi et al. [38] but has not yet
brought to a novel treatment option. Recently, a case of ICI-induced polymyalgia rheumatica controlled
by the MEK inhibitor cobimetinib showed the in vivo anti-inflammatory potential of targeting the
MAPK signaling pathway [39]. Our data show that symptoms similar to those of RA can be triggered
by interfering with or potentially activating the MAPK signaling pathway, once again supporting
the idea of inhibiting MEK as a potential treatment. We would like to clearly point out that this is
a hypothesis generated from clinical observations described in this study. A direct association with
RA cannot be proven based on our clinical data; however, it may be of value for future research by
oncologists and rheumatologists alike.

Another hypothesis is the development of an immune-related adverse event leading to arthritis due
to autoreactivity similar to the side effects of ICI, as described by Ben-Betzalel et al. [40]. An indicator
could be the longer-lasting tumor response in patients suffering from arthralgia, as the authors linked
the development of irAEs in patients receiving BRAFi therapy with tumor control. The same was
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found for arthritis induced by ICI [17]. However, the clinical presentation of arthralgia is different,
as ICI-induced arthritis had a median onset of 100 days and predominantly affected large joints.
Furthermore, in contrast to ICI-induced irAEs, no patient developed a persisting rheumatic condition,
as arthralgia in BRAFi patients was self-limiting after drug discontinuation [41]. Collectively, the clinical
difference between ICI- and BRAFi-induced arthritis suggests a difference in pathogenesis. In this
context, the joint symptoms can be interpreted as a surrogate parameter for enhanced proinflammatory
activity that also leads to improved tumor control.

Although our study was not explicitly designed to test the diagnostic performance of FDG PET/CT
in BRAFi-induced arthritis and only few cases were available, we note the relatively high incidence
(10/13) of positive molecular imaging findings in symptomatic patients. Interestingly, 8 of 13 of the
patients studied with PET/CT demonstrated radiologic signs of arthritis without corresponding clinical
symptoms in the respective joints. These findings are in line with recent results of our group in 16 BRAF
mutation-positive, metastatic melanoma patients receiving a combination therapy of vemurafenib and
ipilimumab [42]. Seven patients of that cohort developed radiologic signs of irAEs, four of which
presenting arthritis without clinical symptoms; importantly, these patients had a significantly longer
PFS than those without radiologic irAEs, highlighting a potential relation between the appearance of
irAEs signs in PET/CT and the clinical benefit of the treatment [24].

There is currently no consensus on the management of arthralgia. Welsh et al. proposed a therapy
algorithm for different grades of arthralgia [43], and a recommendation is available for the management
of rheumatic irAEs, including arthralgia/arthritis [18]. A standard approach to treatment is the addition
of NSAID to BRAFi therapy without dose reduction for low-grade arthralgia, which was sufficient for
many of our studied patients. If NSAID are not sufficient, either low-dose steroids can be added or
dose reduction of BRAFi treatment can be performed. Based on our experiences and data, we propose
to avoid dose reduction or discontinuation in grade 2 and, if possible, in grade 3 patients, as most
cases are sufficiently treated with NSAID or, in severe cases, with concurrent low-dose glucocorticoids,
which can be reduced over the course of treatment. There are no comparison data available on how
treatment efficacy of BRAFi is affected by either dose reduction or addition of low-dose glucocorticoids
to define the preferred way of AE management in refractory cases. Of interest, no patient received
disease-modifying antirheumatic drugs (DMARDs) such as methotrexate or infliximab, which are
regularly needed for adequate management of ICI-induced irAEs [18]. However, in this retrospective
cohort, none of the patients was examined by a rheumatologist to discuss an indication for DMARD
treatment. Possibly, the initiation of DMARDs, that may enable BRAFi continuation despite this side
effect, may be of advantage for tumor control. Especially in adjuvant treatment, risks and benefits
should be considered and discussed critically with the patient and a rheumatologist, as arthralgia is
usually not life-threatening but can result in considerable impairment in activities of daily living and
reduced quality of life.

We are aware of the multiple limitations of our study. These mainly include its retrospective nature,
the limited number of patients studied, and the lack of documentation during clinical routine, leading
to a reduced number of cases studied in detail (of 48 patients with arthralgia, detailed documentation
on its localization was available for only 36 patients, 25% were lost). Patients were treated by clinical
standards, which led to a heterogeneous distribution of the used drugs, as well as to the majority
of patients receiving BRAFi monotherapy. Also, rheumatological examination was not performed
collectively. Therefore, a prospective study has been launched to systematically examine and document
all patients with rheumatological side effects of novel systemic treatments at our institution [44].

5. Conclusions

Arthralgia is a common side effect of BRAFi treatment and mainly affects small joints. Patients are
typically seronegative for immunological markers of rheumatic disease; however, they present with a
pattern resembling RA. A longer-lasting tumor control was observed in patients experiencing arthralgia
under BRAFi treatment. Symptoms can usually be controlled by symptomatic treatment with NSAIDs
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or low-dose steroids. To further address the mechanisms underlying arthralgia in BRAFi-treated
patients, a prospective study to characterize arthralgia clinically and by imaging (ultrasound, MRI), as
well as by rheumatologic assessment, is under way.
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irAE Immune-related adverse event
MEKi MEK inhibitor
MM Metastatic melanoma
MRI Magnetic resonance imaging
NCT National Center for Tumor Diseases, Heidelberg
NSAID Non-steroidal antirheumatic drug
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Simple Summary: Melanoma, like other solid tumors, releases DNA molecules that are referred to as
circulating tumor DNA (ctDNA), into the blood and other biological fluids. ctDNA analysis performed
with molecular biology techniques can provide important information on the aggressiveness of
the disease and its genetic characteristics. This review aims to highlight all the possible clinical
applications of ctDNA analysis that can contribute to an improvement in the diagnosis and therapy
of melanoma.

Abstract: Malignant melanoma accounts for about 1% of all skin cancers, but it causes most of
the skin cancer-related deaths. Circulating tumor DNA (ctDNA) testing is emerging as a relevant
tool for the diagnosis and monitoring of cancer. The availability of highly sensitive techniques,
including next generation sequencing (NGS)-based panels, has increased the fields of application
of ctDNA testing. While ctDNA-based tests for the early detection of melanoma are not available
yet, perioperative ctDNA analysis in patients with surgically resectable melanoma offers relevant
prognostic information: (i) the detection of ctDNA before surgery correlates with the extent and
the aggressiveness of the disease; (ii) ctDNA testing after surgery/adjuvant therapy identifies
minimal residual disease; (iii) testing ctDNA during the follow-up can detect a tumor recurrence,
anticipating clinical/radiological progression. In patients with advanced melanoma, several studies
have demonstrated that the analysis of ctDNA can better depict tumor heterogeneity and provides
relevant prognostic information. In addition, ctDNA testing during treatment allows assessing
the response to systemic therapy and identifying resistance mechanisms. Although validation in
prospective clinical trials is needed for most of these approaches, ctDNA testing opens up new
scenarios in the management of melanoma patients that could lead to improvements in the diagnosis
and therapy of this disease.

Keywords: ctDNA; melanoma; liquid biopsy; prognosis; prediction; patient stratification

1. Introduction

Melanoma is an aggressive and deadly disease that is responsible for the largest number of skin
cancer-related deaths, although it comprises less than 10% of skin cancers. The high mortality rate
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of melanoma is due to the late diagnosis and to the highly metastatic potential of melanoma cells,
which typically spread in different organs [1].

The therapeutic strategies for advanced melanoma have significantly improved in the past few
years thanks to the introduction of targeted agents and immune checkpoint inhibitors. More recently,
both targeted therapy and immunotherapy have shown to reduce the rate of recurrence in patients with
resectable, locally advanced disease. However, mechanisms of intrinsic and acquired resistance greatly
limit the activity of therapies in melanoma, especially in the most advanced phases of disease. For this
reason, the identification of non-invasive biomarkers could be key for facilitating early detection,
patient stratification, and monitoring the response and resistance to therapy.

The testing of circulating tumor DNA (ctDNA) is emerging as a relevant tool for the diagnosis
and monitoring of cancer [2]. Almost every tumor type releases DNA that can be isolated from the
peripheral blood or other body fluids. Increasing evidence suggests that ctDNA recapitulates the
genomic complexity of the tumor, and, therefore, it might represent a non-invasive tool for assessing its
genomic profile. In addition, the non-invasive or minimally invasive nature of ctDNA testing allows
repeated measurements over time, thus ensuring the possibility to evaluate the response to therapy and
to monitor the genomic evolution of the disease under the pressure of the therapies [3]. Importantly,
in patients with advanced disease and multiple localizations, the analysis of ctDNA might allow a
better profiling of the heterogeneity of the disease as compared to the testing of tumor tissue derived
from single metastases.

The availability of new methods for the genotyping of ctDNA and the development of next
generation sequencing (NGS)-based panels with increased sensitivity have significantly amplified
the applications of ctDNA testing in the management of cancer patients [4,5]. In this review, we will
describe and discuss the current knowledge as well as the potential and future applications of ctDNA
analysis in the different stages of melanoma, from early diagnosis to the genomic profiling of the tumor
and the monitoring of the response to therapy (Figure 1).

Figure 1. Applications of circulating tumor DNA (ctDNA) analysis in melanoma.

2. Circulating Tumor DNA and Circulating Cell-Free DNA

Circulating cell-free DNA (cfDNA) is highly fragmented (~166 bp) double-stranded DNA that
freely circulates in body fluids including the plasma, serum, urine and cerebrospinal fluid. The release
of cfDNA from damaged or dead cells occurs in normal physiological conditions, with most of the
cfDNA being shed by white blood cells [6]. cfDNA has a relatively short half-life, ranging from 16 to
139 min.

An increase in cfDNA levels is observed in physiological conditions, as well as in pathological
conditions, including cardiovascular diseases, heart failure, infections and cancer [7]. In cancer
patients, a proportion of cfDNA, defined as ctDNA, comes from primary tumors, metastatic sites
and/or circulating tumor cells. The ctDNA is released into the systemic circulation as a result of
tumor cell apoptosis and/or necrosis, but the exact mechanism by which tumor cells release DNA
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is not yet fully clarified [2]. In the blood of cancer patients, ctDNA is only a fraction of the cfDNA,
which includes DNA released from non-tumor cells, cells of the tumor microenvironment, and other
cell types including stromal cells, endothelial cells and lymphocytes [7].

In this regard, the ctDNA fraction of the total cfDNA isolated from the peripheral blood can
vary from <1% to 90% and is generally correlated with the tumor burden, although the localization
of the tumor and the histological type might affect ctDNA release in the bloodstream (Figure 2) [8].
For this reason, the analysis of ctDNA in a background of cfDNA might be difficult, particularly in
early stage cancer.
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cfDNA can be isolated from different body fluids. When cfDNA is obtained from the peripheral
blood, plasma is preferred to serum, especially because the large amounts of wild-type DNA released
by white cell lysis during clotting can cause a further dilution of ctDNA. To prevent clotting and DNase
I activity, it is recommended to use ethylenediamine-tetraacetic acid (EDTA) tubes or tubes containing
formaldehyde-free preservative reagents for blood collection [9]. When EDTA-containing tubes are
used to collect blood, plasma separation must be performed within 4 h of drawing to prevent the lysis
of leukocytes [10,11].

3. Methods for cfDNA Testing

Because of the possible dilution of tumor DNA in normal DNA, highly sensitive methods
are needed to detect variants at low mutant allelic frequency (MAF) in the cfDNA. In this regard,
sensitive methodologies have been developed to detect and quantify rare variants in the blood of
cancer patients, with analytical sensitivity ranging between 0.005 and 5% [12]. These technologies
can be classified into three groups: quantitative PCR (qPCR), emulsion-PCR and massively parallel
sequencing, more commonly defined as NGS.

Melanoma most frequently harbors genomic alterations in BRAF, NRAS, KIT or NF1 [13,14].
In particular, several efforts have been made to develop technologies capable of detecting BRAF V600
variants in cfDNA, because of the availability in clinical research and clinical practice of drugs targeting
tumors carrying these mutations.

A number of different approaches based on qPCR have been developed in order to improve its
sensitivity for the analysis of rare variants. Allele-specific PCR (AS-PCR), allele-specific amplification
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refractory mutation system PCR (ARMS) and peptide nucleic acid (PNA)-based PCR have demonstrated,
in different studies, analytical sensitivity up to 0.001% for the detection of the BRAF-V600E mutation [15].

Comparing the performance of some qPCR tests in detecting mutant BRAF in the plasma from
stage IIIc–IV melanoma patients, Denis et al. observed that the Therascreen BRAF RGQ kit (Qiagen) was
able to detect BRAF mutations in 73.7% of plasma samples from patients with BRAF-positive tumors.
Similar results were obtained with the ctBRAF Mutation Detection Kit (Entrogen), which showed a
positive percent agreement (PPA) of 68.4%. In all patients with wild-type BRAF tumors, the test was
negative for cfDNA with both techniques [16].

In a recent study, the Cobas BRAF/NRAS (Roche) mutation test was used to analyze the ctDNA
of 68 patients with stage III or IV melanoma. The test is an allele-specific, real-time PCR assay for
the qualitative detection and identification of exon 11 and 15 mutations in the BRAF gene and exon
2, 3 and 4 variants of the NRAS gene from tumor tissue or plasma samples. The expected mutations
were detected in the plasma of 34/68 patients (50% sensitivity), and the results obtained by the Cobas
analysis were similar to those obtained by digital PCR (dPCR) [17]. Importantly, the sensitivity of the
test significantly correlated with the stage. In fact, 64% of the tumor-positive stage IV patients were
also positive at ctDNA analysis, while the sensitivity dropped to 19% for stage III melanoma patients.
The specificity was 100%.

Recently, Biocartis (Belgium) developed a new fully automated platform, designated Idylla,
for detecting the major NRAS, BRAF, KRAS or EGFR mutations in either ctDNA or genomic DNA
isolated from tissue. The test allows the detection of BRAF V600 mutations in plasma with up to three
mutant copies per PCR reaction with an analytical sensitivity of 0.01% [18]. A 75% clinical sensitivity
has been reported in stage IV melanoma patients [19].

Emulsion-PCR-based methodologies, such as dPCR, droplet digital PCR (ddPCR) and BEAming
(which stands for beads, emulsion, amplification and magnetics) have a greater sensitivity as compared
with qPCR, overcoming the problems due to the low levels of cfDNA and the low MAF of the
variants [2,5]. In fact, BEAMing- and ddPCR-based assays can detect and enumerate mutant and
wild-type DNA at ratios greater than 0.01% [15]. An additional advantage of the ddPCR technique
is the lower sensitivity to clinically relevant inhibitors (SDS, EDTA and heparin) than qPCR [20,21].
A ddPCR BRAF-V600E test detected the variant in 84.3% of plasma-derived cfDNA obtained from
advanced melanoma patients [22], while a sensitivity >75% for the detection of BRAF-V600E/V600K
mutations in cfDNA was observed using a BEAMing-based assay [23].

Although qPCR and emulsion-PCR have a high sensitivity and specificity, both these methodologies
have the limitation of being able to interrogate only a few loci for analysis. Therefore, the use of these
techniques is limited to the screening of the most frequent known mutations. In addition, they cannot
provide information on the genetic evolution of the tumor that might be relevant for therapeutic
intervention, such as the identification of resistance mutations.

Many of these limitations are overcome by NGS, which is a high-throughput screening method
that allows the simultaneous analysis of multiple genes and the detection of novel alterations, including
low-frequency mutations. However, sensitivity represented, for a long time, a limiting factor for using
NGS to test cfDNA. In this respect, targeted-sequencing panels are more suitable compared with
whole-genome sequencing (WGS) or whole-exome sequencing (WES) due to their higher sensitivity,
and reduced turnaround time and cost [5]. Novel NGS technologies have been recently developed
for the specific analysis of cfDNA. These methods, by using molecular barcoding and improved
bioinformatics pipelines [24–27], can detect variants at MAF < 1%. Tagged-Amplicon deep sequencing
(TAm-seq), Safe-Sequencing System (Safe-SeqS), CAncer Personalized Profiling by deep sequencing
(CAPP-Seq), and Ampliseq are examples of NGS technologies used for the targeted sequencing of
cfDNA [4]. The limit of detection of these target panels depends on the quantity of cfDNA used for the
preparation of libraries. To obtain high-quality libraries, about 20–30 ng of cfDNA is recommended,
which can be commonly obtained from 4–5 mL of plasma.
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Targeted-sequencing panels of different sizes, from a few mutations to hundreds of genes,
are available both as a service and sold by different providers for independent laboratories [12].
Different labs developed custom NGS panels for cfDNA testing in melanoma patient. Although the
specificity of NGS panels has significantly improved over time, the concordance between cfDNA
and tissue testing ranges between 60% and 80% in most of the studies conducted in different tumor
types. Several factors, including sequencing artifacts, tumor heterogeneity and clonal hematopoiesis,
are involved in this relatively low concordance [28–30].

4. ctDNA for Early Detection of Melanoma

The chances of survival for melanoma patients significantly increase when the disease is diagnosed
at an early clinical stage. Therefore, the improvement of melanoma early detection methods is
fundamental for a proper management of this disease. However, several issues including the tumor
heterogeneity, the tumor growth dynamics and the timing of metastasis, as well as the feasibility
and cost of routinely applying liquid-biopsy techniques in clinical practice, make early detection
challenging [31].

In a study aiming to define whether BRAF V600E could represent a suitable marker for melanoma
detection, this mutation was identified only in ctDNA from stage III–IV melanoma patients, whereas,
in early stages, it was undetectable in the majority of the cases [32]. While technical improvements
might increase the sensitivity of mutation detection, the biology underlying ctDNA release and the
relative low specificity of genetic alterations found in melanoma might still limit its potential use for
early detection in an unselected population. For example, BRAF-V600 mutations are present in only
50% of melanomas, while they can be found in a number of different tumor types [33]. Prospective
studies might elucidate whether ctDNA analysis might be useful for monitoring melanocyte cell
transformation in individuals at high risk.

NGS-based technologies might improve the use of cfDNA testing for the early detection of
cancer. By testing a number of genetic alterations in a single analysis, these methods can significantly
increase the sensitivity of the test. However, the detection of genetic alterations in the cfDNA might
not have sufficient specificity for the early diagnosis of cancer. In this respect, the integration of
information deriving from cfDNA analysis with other circulating biomarkers might significantly
increase the sensitivity and specificity for the detection of melanoma in the early stages of development,
as demonstrated for other cancer types [34]. In addition, incorporating such data into multiscale
computational modeling platforms that can elaborate and integrate different types of information
might allow individualized prediction for different cancer types.

5. Prognostic Value of ctDNA Testing in Patients with Surgically Resectable Melanoma

A considerable fraction of patients with localized melanoma who undergo surgery with curative
intent experience a relapse of the disease. Local recurrence and distant metastasis in melanoma
patients are heavily dependent on tumor size. They occur in 50% of patients with a tumor thickness
larger than 4 mm [35], in regional lymph nodes (50%), as local recurrence (20%), or at distant sites
(30%) [36]. The recurrence of apparently localized disease following radical surgery and adjuvant
therapy (if administered) is likely due to the persistence of minimal residual disease (MRD), a potential
source of subsequent metastatic dissemination.

In this scenario, perioperative ctDNA testing in patients with surgically resectable melanoma
can offer different, relevant prognostic information: (i) the detection of ctDNA before surgery might
correlate with the extent and the aggressiveness of the disease; (ii) ctDNA testing after surgery and,
eventually, adjuvant therapy might identify MRD; (iii) testing ctDNA during the follow-up after
curative resection might detect a tumor recurrence at the molecular level, thus anticipating clinical or
radiological recurrence. Indeed, given the possibility of minimally invasive repeated sampling, ctDNA
testing can allow real-time monitoring during the course of the disease.
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The detection and monitoring of MRD are widely established in patients with hematological
malignancies [37]. More recently, several studies have shown that the perioperative detection of ctDNA
in colorectal, breast and lung cancer patients has a strong negative prognostic significance [38–40].

Similar findings have been reported in patients with high-risk stage III melanoma [41]. In particular,
pre-operative ctDNA levels were assessed by dPCR in 174 patients (119 in the discovery cohort and 55
in the validation cohort) with stage III melanoma who underwent complete lymph node dissection.
Patients with a mutation in BRAF, NRAS or cKIT in tumor tissue were included in this study. ctDNA was
detected in 34% of the patients in the discovery cohort and 33% in the validation cohort. The presence
of ctDNA was significantly associated with tumor burden. More importantly, patients with detectable
ctDNA had worse melanoma-specific survival in both the discovery cohort (Hazard Ratio, HR, 2.11)
and the validation cohort (HR, 2.29), and this difference was confirmed via multivariate analysis
(HR, 1.85).

The prognostic value of pre-operative ctDNA detection was confirmed in an additional study that
enrolled stage III melanoma patients who were tested for ctDNA by dPCR [42]. However, this latter
study demonstrated that in patients who did not receive adjuvant therapy, the post-operative detection
of ctDNA was an even stronger predictor of shorter relapse-free survival (HR, 10). Interestingly,
serial ctDNA testing in a cohort of patients with post-operative negative ctDNA could detect somatic
mutations in plasma samples prior to clinical recurrence in 48% of the cases, with a 2 month median
lead time. Similar findings have been recently reported in a small cohort of melanoma patients whose
cfDNA was retrospectively analyzed [43].

The prognostic value of post-operative ctDNA testing was also explored in a retrospective analysis
of plasma samples from 161 stage II/III patients carrying either a BRAF or NRAS mutation in their
baseline-resected tumors. Patients with detectable ctDNA after surgery had a significantly increased
risk of death compared to those with undetectable ctDNA, with HR = 2.50 for overall survival (OS)
after adjustment for performance status [44]. The aforementioned studies are summarized in Table 1.

Table 1. Main studies that addressed the prognostic value of ctDNA testing in patients with early
(surgically resectable) melanoma.

Target Genes AJCC
Stage

Pre-/Post-Operative
ctDNA Testing

N. of
Patients Clinical Outcomes Reference

BRAF, NRAS,
cKIT III Pre-operative 174

Presence of ctDNA associated
with tumor burden and worse
melanoma-specific survival.

Lee et al. [41]

BRAF, NRAS,
TERT

III

Pre-operative 99 - Pre- and post-operative ctDNA
detection correlates with shorter

RFS and DMFS;
- Post-operative ctDNA is an
independent predictor of RFS

and DMFS.

Tan et al. [42]Post-operative 68

BRAF, NRAS,
TERT 0–III Post-operative 30 ctDNA detected at or before

disease recurrence. McEvoy et al. [43]

BRAF, NRAS II/III Post-operative 161 Presence of ctDNA predicts
shorter DFI, DMFI and OS. Lee et al. [44]

AJCC: American Joint Committee on Cancer; RFS: relapse-free survival; DMFS: distant metastasis-free survival; DFI:
disease-free interval; DMFI: distant metastasis-free interval; OS: overall survival; ctDNA: circulating tumor DNA.

Although the above-summarized findings suggest a possible prognostic role of cfDNA testing in
patients with resectable melanoma, these studies have several limitations. First, they included only
patients with known mutations in a limited number of genes, thus excluding those patients that carry
rare variants. In addition, while the specificity of the test is high, its sensitivity is relatively low because
a significant fraction of ctDNA-negative patients have recurrences of the disease. In this respect, the use
of NGS-based assays might increase the sensitivity of the test, being able to detect multiple mutations
at the same time. Alternatively, the NGS testing of tumor tissue could be used to identify an adequate
number of variants to test for in the cfDNA with highly sensitive dPCR-based assays.
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6. cfDNA Testing as Tool to Support Treatment Decisions in Metastatic Melanoma Patients

The availability of different therapies makes highly relevant the use of biomarkers to stratify
melanoma patients and identify the best therapeutic strategy for each individual patient. In this
respect, cfDNA testing can provide relevant information at different levels: (i) the genomic profile
of the disease and tumor heterogeneity, (ii) the prognosis, (iii) the response to therapy, and (iv) the
development of resistance mechanisms.

6.1. cfDNA Testing for Genomic Profiling and Assessment of Tumor Heterogeneity

The analysis of cfDNA might represent an alternative to tumor tissue testing for the detection
of predictive biomarkers. In this respect, a number of studies have demonstrated that qPCR and
emulsion-PCR-based techniques can detect BRAF and NRAS mutations in plasma-derived cfDNA
from patients with advanced melanoma (Table 2).

Table 2. Diagnostic performance of detecting BRAF and NRAS mutations in plasma using quantitative
real-time PCR and emulsion-PCR-based techniques.

Reference N◦ of
patients AJCC stage Tissue mutation Method Specificity

(%)
Sensitivity

(%)

Ascierto et al. [45] 91 IV
BRAF V600E (n = 72) Digital PCR

(BEAMing Inostics)
- 79.2

BRAF V600K (n = 19) - 89.5

Sanmamed et al. [22] 20 IIIc–IV BRAF V600 (n = 20) Droplet digital PCR
(Biorad) - 84.3

Gray et al. [46] 48 IV

BRAF V600E (n = 34)
Healthy patients (n = 22)

Droplet digital PCR
(Biorad)

100 64.7

BRAF V600K (n = 8)
Healthy patients (n = 23) 100 87.5

BRAF V600R (n = 2)
Healthy patients (n = 10) 100 100

NRAS Q61K (n = 1) Healthy
patients (n = 19) 100 100

NRAS Q61R (n = 2) Healthy
patients (n = 13) 84.6 100

NRAS Q61L (n = 1) Healthy
patients (n = 12) 75 100

Gonzalo-Cao et al. [47] 22 IV BRAF V600E (n = 22) qPCR LNA PNA clamp
(in-house) - 57.7

Santiago-Walker et al. [23] 661 IV BRAF V600E (n = 661) Digital PCR
(BEAMing Inostics) 97.6 76.2

Chang et al. [48] 43 IIIc–IV

BRAF V600E (n = 20)

Droplet digital PCR
(Biorad)

- 80
BRAF V600K (n = 2)
NRAS Q61K (n = 4)
NRAS Q61R (n = 3)
NRAS Q61L (n = 2)

Schreuer et al. [19] 16 IV BRAF V600 (n = 16) Idylla
(Biocartis) 100 75

Knol et al. [49] 29 IIIc–IV BRAF V600E (n = 29) Therascreen BRAF RGQ kit
(Qiagen) - 75.9

Denis et al. [16] 54 IIIc–IV
BRAF V600 (n = 38)
BRAF WT (n = 16)

Therascreen BRAF RGQ
kit (Qiagen)

100

73.7

ctBRAF Mutation Detection
Kit (Entrogen) 68.4

QuantStudio 3D system
(Life Technologies) 58.8

Tang et al. [50] 58 I–II–III–IV BRAF V600E (n = 58) QuantStudio 3D system
(Life Technologies) - 74.1

Haselmann et al. [51] 187 III–IV BRAF V600 (n = 62)
BRAF WT (n = 125)

Digital PCR (BEAMing
Inostics) 91.2 90.3

Long-Mira et al. [52] 19 IV
BRAF V600 (n = 10)

Idylla (Biocartis)
89 80

NRAS Q61/G12/G13 (n = 5) 100 79
Double WT (n = 4)

Seremet et al. [18] 85 III–IV1a, IV1b,
IV–M1c

BRAF V600 (n = 68)
Idylla (Biocartis)

- 47

NRAS Q61/G12/G13 (n = 22) - 37.5

Herbreteau et al. [17] 48 III–IV
BRAF V600 (n = 32) Cobas BRAF/NRAS

Mutation Test LSR
kit (Roche)

-
50NRAS (n = 36) -

AJCC: American Joint Committee on Cancer.
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The sensitivity of the test ranged from 37.5% to 100%, although some of these studies enrolled
a limited number of patients. By contrast, the specificity of the BRAF/NRAS testing of cfDNA was
reported in a few studies and ranged between 75% and 100%. Taken together, these studies suggest
that BRAF and NRAS mutations can be detected in the cfDNA from metastatic melanoma patients
with a good specificity and an acceptable sensitivity.

The sensitivity of the cfDNA test might be affected by the localization of the tumor. In fact, patients
with visceral, bone or lymph node involvement often display higher levels of ctDNA as compared
with patients with extensive subcutaneous disease or brain metastases [53]. In agreement with these
findings, the sensitivity of the BRAF/NRAS testing of cfDNA was found to correlate with the stage
of the disease (higher in stage IV as compared with stage III) and the number and type of metastatic
sites [17].

It has also been reported that the detectability of ctDNA is related to the nature of the mutated
gene. Herbretau described a sensitivity of the cfDNA test of 36% for NRAS mutations and 66% for
BRAF mutations [17]. In addition, mutations in the promoter region of the TERT gene were found at
lower concentrations in the cfDNA as compared with other driver mutations, suggesting that they
might be underrepresented in the cfDNA [54].

The sensitivity of cfDNA testing is also limited by the frequency of the mutant alleles in
the context of wild-type DNA derived from normal cells. On the other hand, in selected cases,
BRAF mutations have been identified through cfDNA analysis but not in the corresponding tumor
tissue [49]. Such ‘discordance is likely due to the heterogeneous expression of BRAF mutations in
melanoma cells.

It has been demonstrated that driver mutations, including BRAF mutations in melanoma, are often
clonal but can occasionally be subclonal [55]. This might lead to discordant results when different
sites of the disease or different areas of the same tumor lesion are analyzed. In agreement with this
hypothesis, discordant BRAF mutational statuses have been found between different sites of a primary
tumor (intratumor heterogeneity), between a primary tumor and metastases, and between different
metastases of the same patient [56,57]. In this scenario, the analysis of cfDNA is an approach that
allows identifying mutations present in all the tumor sites of a given patient, thus better representing
tumor heterogeneity [58]. Indeed, in cases with cfDNA positive for BRAF and BRAF mutation not
detected in tumor tissue, the testing of additional samples from a different tumor area confirmed the
presence of the BRAF variant [49].

Analysis of longitudinal samples from melanoma patients revealed that recurrent lesions might
show a different BRAF mutational status over time as a consequence of tumor heterogeneity [59]. In the
case of tumor relapse, the assessment of BRAF mutation status with a liquid biopsy might represent a
non-invasive approach to confirming the mutational status of the disease.

Because the BRAF-V600 mutations are the only approved biomarker in melanoma, the majority
of data on genome profiling with liquid biopsies are based on the use of assays specific for these
variants. However, NGS-based technologies might provide a better portrait of the genomic landscape
and heterogeneity of melanoma, which might be relevant for therapeutic purposes. For example, it has
been described that MITF and TP53 alterations are more frequent in patients with rapid progression of
the disease following targeted therapy, while NF1 alterations are more common in cases with complete
responses [60].

6.2. Prognostic Value of cfDNA Testing in Metastatic Melanoma

The identification of genetic alterations in cfDNA and the assessment of ctDNA levels before the
administration of any systemic treatment may provide important prognostic information for patients
with metastatic melanoma. In fact, a number of studies have demonstrated that high baseline levels
of ctDNA correlate with a worse prognosis in metastatic melanoma patients treated with targeted
therapy [22,23,45]. While the correlation between baseline ctDNA levels and survival is in line with
previous findings in other tumor types including lung and colon carcinoma, in melanoma patients,
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a correlation of ctDNA levels with the response to treatment has been also reported. For example, in the
phase II trial BREAK-2 enrolling BRAF-V600E/K metastatic melanoma patients to evaluate the clinical
activity and the safety of the BRAF inhibitor dabrafenib, a correlation was found between the basal
levels of BRAF-V600E in the cfDNA and tumor burden but not for the V600K variant, as assessed by
using BEAMing technology [45]. Interestingly, patients with higher basal levels of cfDNA BRAF-V600E
mutation showed a lower response rate and a shorter progression free survival (PFS) when treated
with dabrafenib. In line with these findings, similar results were obtained in a larger cohort of 732
patients from four clinical studies of targeted therapy in metastatic melanoma (BREAK-2, BREAK-3,
BREAK-MB and METRIC). Patients negative for BRAF mutations in the cfDNA had longer PFS and OS
and higher rates of response to dabrafenib and trametinib, as compared with patients with detectable
cfDNA BRAF mutations [23]. In multivariate analysis, the presence of BRAF mutations in the cfDNA
was an independent predictive factor for shorter PFS in three out of four studies, and for shorter OS in
one study.

Studies in smaller cohorts of patients further confirmed these findings. The quantification with
ddPCR of mutant BRAF-V600E copies in cfDNA from 20 patients with metastatic melanoma showed
a direct relationship between the BRAF-V600E copy numbers and clinical outcomes, where basal
concentrations <216 copies/mL were significantly associated with better outcomes (OS = 27.7 months;
PFS = 9 months) as compared with higher concentrations (OS = 8.6 months; PFS = 3 months) [22].
However, Schreuer did not find any correlation between the baseline levels of BRAF mutations in
cfDNA and either survival or tumor responses in 25 patients receiving a combination of dabrafenib
plus trametinib [61]. Importantly, this latter study enrolled patients who progressed on a previous line
of therapy with a BRAF inhibitor, and the response rate was only 32%. The presence of a mechanism of
resistance to a targeted therapy might represent a confounding factor for the prognostic role of ctDNA.

The basal levels of ctDNA are also a relevant prognostic marker in patients treated with
immunotherapy. Seremet assessed ctDNA levels in 85 advanced melanoma patients using either the
Idylla assay or a ddPCR test [18]. They found that patients in which the ctDNA was not detectable
at baseline had longer PFS (HR, 0.47) and OS (HR, 0.37) as compared with patients with detectable
ctDNA. Furthermore, high ctDNA levels (>500 copies/mL) at baseline in the group of patients with
progressive disease were indicative of a very poor clinical outcome [18]. However, an additional study
exploring the prognostic role of ctDNA in melanoma patients receiving immune-checkpoint inhibitors
suggested that the dynamics of the ctDNA were better associated with outcome than was the baseline
ctDNA status [62].

Low baseline ctDNA levels were associated with higher response rates and longer PFS and OS in
studies that included cohorts of patients treated with either targeted therapy or immunotherapy [17,46].
Importantly, the baseline levels of ctDNA before first-line therapy were confirmed via multivariate
analysis to be an independent prognostic factor for OS, irrespective of treatment, in patients with
stage IV or unresectable stage III metastatic melanoma [17]. Interestingly, ctDNA analysis in recurrent
patients or during treatment (non-first line) was not associated with either PFS or OS. However,
this latter analysis was limited to a very small cohort of patients.

The strong prognostic value of ctDNA levels in metastatic melanoma patients suggests that
this parameter might better recapitulate the disease burden as compared with other prognostic
factors. In this respect, several studies have demonstrated a correlation between ctDNA levels
and the American Joint Committee on Cancer (AJCC) stage, number of metastatic sites, and serum
levels of Lactate dehydrogenase (LDH) and S100 [49,63]. A significant correlation has also been
reported between baseline ctDNA levels and metabolic tumor activity [43,53,63]. Interestingly,
baseline ctDNA levels presented a better correlation with disease burden as measured by
2-[fluorine-18]-fluoro-2-deoxy-d-glucose positron emission tomography (FDG-PET) when compared
with LDH [53]. However, subcutaneous and cerebral disease localization were associated with lower
ctDNA levels, suggesting that in these cases, FDG-PET might better recapitulate tumor burden [53].
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6.3. Monitoring Response to Therapy

The availability of predictive and prognostic biomarkers significantly improved the selection
of appropriate therapeutic approaches in melanoma patients. Nevertheless, the response to both
targeted therapy and immunotherapy is often heterogeneous, even in molecularly selected cohorts of
patients. Therefore, the availability of tools to assess the response to therapy could further improve the
therapeutic approaches for patients with metastatic melanoma. In this respect, the analysis of cfDNA
could represent a non-invasive and repeatable technique for the early detection and monitoring of
melanoma response and/or progression.

A number of studies have addressed the possibility of using the BRAF mutation testing of cfDNA
to monitor the response to BRAF inhibitors [22] or combinations of BRAF and MEK inhibitors [51]
in patients with BRAF-mutant melanoma. Although these studies enrolled a limited number of
patients and different qPCR [19] or emulsion-PCR [22,51]-based techniques, they consistently found
that response to therapy was associated with a significant decrease in the levels of BRAF mutations in
cfDNA, while an increase in BRAF mutant DNA was observed at progression. Interestingly, the increase
in ctDNA levels preceded the clinical progression of the disease in a significant fraction of patients,
with a lead time up to 110 days [51,61].

The predictive value of monitoring the BRAF mutations in cfDNA using the Idylla test was also
explored in a phase II trial of a combination of dabrafenib plus trametinib in patients with advanced
BRAF-V600-mutant melanoma pre-treated with targeted therapy [61]. Upon analyzing plasma samples
from 25 patients enrolled in this study, patients responding to therapy showed a significantly lower
level of BRAF-V600-mutant ctDNA after 2 weeks of treatment as compared with non-responding
patients. In addition, the persistent detection of BRAF-V600-mutant ctDNA after 2 weeks of therapy
was correlated with a shorter PFS as compared with that for patients with undetectable ctDNA
(1.8 months vs. 5.9 months; p = 0.001).

Some studies have reported a very early spike in ctDNA concentration occurring 24/48 h after
starting treatment with BRAF inhibitors [19,64]. This early spike is probably related to a massive
release of tumor DNA due to treatment-induced tumor cell lysis.

Taken together, these findings strongly suggest that monitoring BRAF mutations in the cfDNA
could represent a valuable biomarker for assessing the early response to targeted therapy in
melanoma patients.

Testing cfDNA could also provide important information for the evaluation of the response to
immune-checkpoint inhibitors in melanoma and other cancers. In fact, the assessment of the response
to immune therapies is sometimes difficult, due to the possible increase in the tumor lesions because of
the immune reaction, which mimics a progression of the disease. Such pseudo-progression might lead
to the suspension of an active treatment.

Few studies have addressed the potential of cfDNA testing for monitoring the response to
immune-checkpoint inhibitors in patients with advanced melanoma. Two initial studies in small
cohorts of patients receiving different immune-therapeutics (either PD-1 inhibitors or CTLA inhibitors
or combinations) demonstrated a correlation between ctDNA dynamics and response to therapy [64,65].
In particular, levels of mutant DNA were found to decrease in the cfDNA of patients responding to
treatment and to increase at or before tumor progression, using either NGS [65] or ddPCR [64].

The predictive value of ctDNA monitoring was next explored in a cohort of 76 patients with
metastatic melanoma who received treatment with pembrolizumab or nivolumab monotherapy or in
combination with ipilimumab [62]. Although ddPCR was employed in this study for the detection of
the BRAF, NRAS and cKIT most frequent variants, the criterion used by the authors was only whether
the ctDNA was detectable or not. Interestingly, the response rate in patients with detectable ctDNA at
baseline but undetectable after 12 weeks of therapy was similar to that in patients with undetectable
ctDNA at baseline and after 12 weeks (77% and 72%, respectively), and much higher as compared
with that in patients with detectable ctDNA at baseline and after 12 weeks (6%). In addition, the first
two groups had significantly longer PFS and OS as compared with the third group. The predictive
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value of ctDNA monitoring at 12 weeks was confirmed via multivariate analysis, thus suggesting that
the clearance of ctDNA is a relevant predictive marker of response to immune-checkpoint inhibitors
in metastatic melanoma. The same research group assessed the ability of cfDNA testing to identify
pseudo-progression in a study including 125 metastatic melanoma patients who received anti-PD-1
antibodies alone or in combination with ipilimumab [66]. In this study, all nine patients with confirmed
pseudo-progression had a favorable ctDNA profile, defined as ctDNA undetectable at baseline that
remained undetectable, or detectable at baseline that became undetectable or decreased by at least
10-fold during treatment, thus introducing a quantitative criterion. By contrast, 18/20 patients with
true progressive disease had an unfavorable ctDNA profile, with ctDNA detectable at baseline and
during treatment. The dynamics of the ctDNA levels in the first month after treatment were also found
to predict progressive disease or response to therapy in 21/24 stage III/IV melanoma patients receiving
either immunotherapy or targeted therapy [63].

Finally, some studies in small cohorts of patients tried to establish quantitative thresholds to define
patients with response or progression at ctDNA analysis [67,68]. Both these studies found a good
correlation between an increase in ctDNA levels and progression of the disease, while ctDNA reduction
was also observed in patients who experienced progressive disease. One of the limitations of these
studies was a focus only on the few most frequent mutations in BRAF, NRAS and cKIT. By assessing a
single mutation, the test might follow the dynamics of a single cell clone, which might not represent
the behavior of the entire tumor in the case of tumor heterogeneity.

The above-summarized data suggest that cfDNA testing might represent an adequate tool for
monitoring responses to immune-checkpoint inhibitors in melanoma. However, prospective clinical
trials are required to validate this approach in the clinic and to demonstrate that the early detection of
tumor progression might allow a better therapeutic strategy.

The use of NGS-based techniques might significantly increase the fraction of patients who can
be monitored, improve the specificity and sensitivity of the test and provide information on tumor
heterogeneity and the clonal evolution of the disease. For example, the NGS analysis of cfDNA from a
patient with vaginal mucosa melanoma revealed the presence of two subclones with different responses
to imatinib [69]. One subclone carried a KIT mutation and responded to imatinib, while the other had
a KIT wild-type gene and did not respond to targeted therapy.

6.4. Identification of Mechanisms of Resistance

Combined targeted therapy with BRAF and MEK inhibitors is associated with a high response
rate in melanoma patients who carry a BRAF-V600 mutation [70]. However, most patients who
initially respond will relapse during therapy due to mechanisms of acquired resistance. In many cases,
acquired resistance to anti-BRAF therapy in melanoma patients is due to the reactivation of the MAPK
pathway by genetic or epigenetic mechanisms [71]. However, other mechanisms of resistance have
been described, including genetic alterations leading to the activation of the PIK3CA signaling pathway.

The feasibility of cfDNA testing in the assessment of acquired resistance to melanoma has
been explored in a few studies. In a study that employed ddPCR to test BRAF and NRAS variants,
NRAS mutations were detected in 3/7 melanoma patients progressing on targeted therapy with
vemurafenib, dabrafenib or a dabrafenib/trametinib combination [46]. These data are in agreement
with previous reports that described the frequent involvement of NRAS mutations, in particular,
at codon 61 (p.Q61K/R), in acquired resistance to dabrafenib/trametinib combination therapy in
BRAF-mutant metastatic melanoma patients [72]. Interestingly, NRAS mutations were detected in the
cfDNA before the clinical and radiological progression of the disease.

By using the WES analysis of cfDNA, NRAS and PIK3CA mutations not present prior to therapy
were identified in melanoma patients progressing on targeted therapy with BRAF and/or MEK
inhibitors [73]. Multiple NRAS mutations were also found in the same cfDNA sample from a
patient with progression, thus confirming the likely multi-clonal origin of acquired resistance to
targeted therapies.
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Acquired mutations in NRAS were also identified in metastatic melanoma patients at progression
following dabrafenib-and-trametinib treatment using the targeted sequencing of cfDNA [53].
Interestingly, targeted-sequencing analysis identified two variants in MAP2K1 and PTEN in a patient
at progression, suggesting that these two genetic alterations might both contribute to resistance.

In addition to point mutations, other genomic alterations including BRAF gene amplification have
been described as driving acquired resistance to BRAF/MEK inhibitors [74]. Indeed, the whole-exome
sequencing and low-coverage whole-genome sequencing of cfDNA identified BRAF gene amplification
in 2/3 patients at progression [53].

Evidence suggests that acquired resistance to targeted therapy is often polyclonal. In agreement
with this hypothesis, distinct molecular alterations have been detected concurrently in the same
tumor sample or among multiple tumor sites from the same melanoma patient progressing on
targeted therapy [75]. Therefore, resistance to targeted therapy is associated with an increase in
tumor heterogeneity and branched evolution that might be better depicted by using cfDNA testing as
compared with tissue analysis. However, the ability of plasma-derived cfDNA testing to represent
spatial heterogeneity was found to be limited in the presence of subcutaneous or brain metastases that
shed limited amounts of ctDNA into the blood flow [53].

7. Conclusions and Future Perspectives

The data summarized in this article clearly show that cfDNA analysis can offer important
information on the prognosis of patients with melanoma in different stages of the disease. Furthermore,
cfDNA analysis could allow a more accurate identification of patient candidates for targeted therapy
or immunotherapy, through the representation of tumor heterogeneity and the early identification of
patients who do not respond to therapies. However, the possibility of transferring this information
into daily clinical practice depends on the resolution of a series of technological, biological and
clinical issues.

The introduction of NGS technologies for cfDNA analysis has increased the possibility of
extending the test to a larger percentage of patients and has increased its clinical and analytical
sensitivity. However, several NGS panels for cfDNA analysis are commercially available. For many of
these panels, validation studies on adequate cohorts of biological samples are lacking, and external
quality control programs are not yet available for these specific tests. Therefore, their introduction into
clinical practice must be carried out with extreme caution, in order to avoid problems of false positives
or negatives.

The use of NGS panels increases the sensitivity of the cfDNA test but also increases the possibility
of identifying mutations associated with clonal hematopoiesis [29]. This possibility considerably
limits the use of NGS techniques for applications such as early diagnosis or even monitoring of the
disease. Although BRAF mutations have not been associated with clonal hematopoiesis to date,
the identification of other genetic alterations could still pose problems in the clinical interpretation of
the data. At present, the contemporary analysis of DNA derived from leukocytes appears as the only
approach to overcoming this limit.

The analysis of cfDNA can provide information only on genetic alterations, which, alone, are not
sufficient to represent the biological variability of neoplasms. In the era of precision medicine,
the integration of the genomic profile with other biological omics, including transcriptomics, proteomics,
metabolomics and epigenomics, that can be determined in biological fluids, represents a fundamental
element for the advancement of knowledge on the pathogenesis and progression of cancer [76].
A biological multiomic pattern combined with clinical and radiological information, including
radiomics, will allow the development of novel strategies for diagnostic, prognostic and therapeutic
purposes [77]. In particular, the possibility of integrating different information could then be important
for the early diagnosis of cancer, given the low specificity of genetic alterations for this specific
application. In addition, the addition of multiple layers of clinical and biological information will allow
a better stratification of patients, thus improving the clinical implementation of precision medicine.
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It must be emphasized that the integration of multiple omics information for patients’ stratification
will require the development of appropriate disease modeling systems based on the use of machine
learning [78].

The various potential applications of liquid biopsies in the early diagnosis of recurrence and in
monitoring the response to therapy must be validated in prospective clinical trials. In fact, it will be
necessary to demonstrate that the early detection of disease recurrence allows the development of
therapeutic strategies that result in a decrease in the mortality of patients with early stage melanoma.
At the same time, it must be demonstrated that the modification of therapy in patients with metastatic
melanoma who do not respond in terms of reduced ctDNA results in better survival.

However, although there are many issues to be solved for the clinical implementation of cfDNA
analysis, it can certainly be said that this technology opens up new scenarios in the management of
patients with melanoma that could lead to important improvements in the diagnosis and therapy of this
disease. In particular, the possibility of determining the overall profile of the genetic alterations of the
neoplasm and of being able to evaluate its progression over time represents an important opportunity
to improve the stratification of patients with melanoma for the purposes of therapeutic planning.
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Simple Summary: Malignant melanoma is the most aggressive skin cancer; its incidence is constantly
growing in the white population. In the advanced stage of the disease, after metastatic dissemination,
patients have a poor prognosis. Nanomedicine represents a new frontier in cancer treatment; in this
field, synthetic and natural nanoparticles (NPs) may represent an important therapeutic and diagnostic
opportunity. This review provides an overview of current knowledge in this area: several kinds
of NPs, like PLGA, chitosan, liposome and gold-NPs, are used to increase the specificity of drug
delivery, allowing a dose reduction and, consequently, a lower toxic effect. Particular attention is
given to exosomes (EXOs), an example of natural NPs, important both in conveying molecules with a
therapeutic function and in the diagnostic field.

Abstract: Advanced melanoma is still a major challenge in oncology. In the early stages, melanoma can
be treated successfully with surgery and the survival rate is high, nevertheless the survival rate drops
drastically after metastasis dissemination. The identification of parameters predictive of the prognosis
to support clinical decisions and of new efficacious therapies are important to ensure patients the best
possible prognosis. Recent progress in nanotechnology allowed the development of nanoparticles
able to protect drugs from degradation and to deliver the drug to the tumor. Modification of the
nanoparticle surface by specific molecules improves retention and accumulation in the target tissue.
In this review, we describe the potential role of nanoparticles in advanced melanoma treatment and
discuss the current efforts of designing polymeric nanoparticles for controlled drug release at the site
upon injection. In addition, we highlight the advances as well as the challenges of exosome-based
nanocarriers as drug vehicles. We place special focus on the advantages of these natural nanocarriers
in delivering various cargoes in advanced melanoma treatment. We also describe the current advances
in knowledge of melanoma-related exosomes, including their biogenesis, molecular contents and
biological functions, focusing our attention on their utilization for early diagnosis and prognosis in
melanoma disease.

Keywords: nanoparticles; exosomes; extracellular vesicles; melanoma; therapy; diagnosis; prognosis

1. Introduction

Advanced cutaneous melanoma is a highly aggressive and drug-resistant cancer [1,2]. The main
problem associated with treating melanoma is its low response rate to conventional therapy.
Nevertheless, the rapidly developed fields of melanoma research are introducing new potential
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therapeutic approaches, focusing on developing new efficient drugs and delivery systems. Before 2011,
metastatic melanoma was considered incurable, leading to death within 18 months of diagnosis [3,4].
The therapies used were based on the administration of chemotherapeutic agents such as dacarbazine
and temozolomide [5]. In order to circumvent the intrinsic resistance against chemotherapy, researchers
explored the possibility of potentiating the immune response by using immune stimulators, such as
interleukin 2 (IL-2), interferon alpha (IFN-α), ipilimumab and thymosin alpha 1 [6,7]. Afterwards,
as result of genome sequencing and identification of the main mutation, a series of therapeutic
agents have been discovered; about half of all melanomas have mutations in the BRAF (v-raf
murine sarcoma viral oncogene homolog B1) gene [8,9]. These mutations constitutively activate
the MAPK (mitogen-activated protein kinase) pathway, resulting in uncontrolled cell proliferation,
tumor development and growth [1,10]. Several tyrosine kinase inhibitors (TKIs) have been developed
that block the MAPK pathway and inhibit cell growth and survival. The use of TKIs has shown a
significant improvement of patient overall survival and the combinations therapy with BRAF/MEK
inhibitors is now accepted as the standard care for BRAF-muted advanced melanoma. Unfortunately,
in most treated patients, responses to these inhibitory molecules are transient, and, in a few
months, a therapy-resistant phenotype occurs. Recently, the inhibition of the programmed cell
death 1 (PD-1)/programmed cell death 1 ligand 1 (PD-L1) axis, a suppressor of T-cell response,
turned out to be an effective therapeutic strategy with a low toxicity profile and contributed to better
clinical outcomes compared to chemotherapy and also to other immune mediated approaches with
cytotoxic T lymphocyte-associated 4 (CTLA-4) inhibition [11–13]. However, substantial heterogeneity
exists in metastatic melanoma response to treatments; therefore, the development of multimodality
strategies is the major challenge to fight this deadly disease. Several types of nanoparticles (NPs)
and nanovesicles have been explored for their employment as drug carriers in melanoma therapy
and their functionalization with specific molecules, such as antibodies, can generate different smart
nanodrugs for application in melanoma therapy (Figure 1). Herein, we will discuss the new frontiers
in the treatment of patients with unresectable or metastatic melanoma, paying special attention to new
anticancer molecules and their delivery through natural or synthetic nanoparticles.
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2. Nanoparticles and Drug Delivery

Nanomaterials are delivery vehicles used to protect the intended drug against degradation and
enhance its stability. Using a nanotechnology treatment for several types of cancer enhances targeted
delivery to cancer cells and uptake, as well as reducing cytotoxic side effects on normal tissues [14].

Chemotherapeutic agents generally exhibit a short plasma half-life due to rapid clearance and
fast biodegradation; these elements, together with the low specificity, make it necessary to use high
doses, resulting in severe toxic effects. In addition, since cancer diagnosis is often late, cancer cells
have already invaded other parts of the body [15].

Nanotechnologies are based on the use of different polymeric systems whose modifiable physical
and chemical systems provide tools to improve different aspects of the therapy. Some examples are
the release of the drug in a tissue-specific way, the decrease in side effects, the protection from drug
degradation, the possibility to reduce the frequency of administrations and the toxicity of the substance
itself [16]. Depending on their specific structural characteristics, nanoparticles can easily penetrate
tissues and cells, circumscribe the biological effect of the drug on a specific cell type and modify the
pharmacokinetic properties, thus allowing a prolonged drug release over time. The Food and Drug
Administration (FDA) approved only a few nanodrugs for use and clinical trials, as they have been
shown to either target and directly kill tumor cells or improve, overall, targeted chemotherapy drug
delivery. The formulation of these nanoparticles increases the drug concentration into the tumor by
100–400% [17].

2.1. PLGA

The FDA and the European Medicine Agency (EMA) approved PLGA nanoparticles (PLGA-NPs)
in 2011 as a system for conveying nucleic acids, drugs and other molecules for cancer and other
diseases. PLGA is a biocompatible and biodegradable polymer (poly-lactic acid and poly-glycolic
acid) whose degradation produces non-toxic substances, such as water and carbon dioxide [18].
The PLGA-NPs’ cellular uptake depends on both the size of the NP and the composition of the plasma
membrane of the cells themselves [19]. The different physical characteristics of PLGA-NPs, such as
their size and morphology, can be determined by varying the parameters of the synthesis method used.
Nanoparticles have a large surface area that can be functionalized with different agents to make the
vehicle target-specific [20].

In the last period, several publications highlighted the efficiency of PLGA-NPs in delivering
anticancer agents; in a recent work, Arruda and his co-workers showed that the encapsulation of
a peptide with antitumoral activity, P20 (CSSRTMHH), within the PLGA-NPs conjugated to the C
peptide with a homing function (CVNHPAFACGYGHTMYYHHYQHHL), strongly increases their
functionality. The therapeutic effect of these NPs was evaluated in a syngeneic model of metastasis
and was shown to produce the same inhibitory effect of free P20 at fivefold higher concentration,
reducing by 28% the number of lung nodules [21].

In another recent study, trastuzumab has been used as a recognizing unit attached to
NPs for Her-2 positive breast cancer therapy. Targeted nanoparticles were prepared by
combining PLGA/ polyethylenimine (PEI)/lipid nanoparticles (PPLNs) with trastuzumab through the
electrostatic adsorption method to deliver the antitumor drug docetaxel. The results showed that
trastuzumab-PPLNs had a cell-targeting effect and could effectively inhibit the proliferation of cancer
cells. This work demonstrates that trastuzumab-PPLNs are a promising treatment for breast cancer
and can be considered a proof of concept for anticancer therapies, including melanoma [22].

Following a similar approach, Kou et al. selected paclitaxel as anti-metastatic and anti-angiogenic
model drug to produce paclitaxel-loaded PLGA-NPs (Ptx-NPs), coated with a polylysine cationic
SM5-1 single-chain antibody (Ptx-NP-S) which binds to a membrane protein specifically expressed
in melanoma, hepatocellular carcinoma (HCC) and breast cancer cells. The authors demonstrated
that Ptx-NP-S not only showed very high affinity to SM5-1 but also was internalized by the target
cells. They proved a significantly enhanced cytotoxicity of Ptx-NP-S when compared to non-targeted
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paclitaxel-loaded PLGA-NPs, suggesting SM5-1 single-chain antibody-polylys as a good candidate to
synthesize cancer-targeted PLGA nanoparticles [23].

Another important field of application of PLGA-NPs is as peptide transporters in vaccines. Vaccines
could be promising tools for treating cancers, including melanoma [24]; however, several studies
obtained unsatisfying results, possibly because of the low stability of peptides and delivery approaches.
Thus, the appropriate and efficient peptide carrier systems still continue to be one of the major obstacles.
In order to overcome this difficulty, Li and coworkers recently used PLGA-NPs as a new method to
deliver tumor-associated antigen (TAA) peptides to dendritic cells (DC) [25].

2.2. Chitosan

Chitosan is a bio-poly-amino-saccharide cationic polymer obtained from chitin deacetylation
moieties formed by the repetition of two units: N-acetyl-D-glucosamine and D- glucosamine [26].
The molecular weight and the extent of deacetylation of the chitosan influence its properties; this is
employed specially to prepare micro and nanoparticles capable of conveying nucleic acids or medicines.
The chitosan backbone consists of multiple free amino and hydroxyl groups that can be functionalized.
Versatile approaches have been reported for the construction of chitosan-based nanomaterials, such as
nanogels, NPs, micelles, liposomes, nanofibers and nanospheres [27]. The polymer’s success is due to its
properties such as: biocompatibility and biodegradability, FDA approval in clinical use, the possibility
of modifying its surface and to complex it in nanoparticles conveyed against cells and/or target tissues.
Chitosan exhibits no or minimal toxicity, which made it widely regarded as a safe material in drug
delivery [28]. Various cargos, hydrophilic and also hydrophobic, can be incorporated into chitosan-NPs.
Their release is influenced by solubility, diffusion, and size of the nanoparticles [29]. Many publications
show innovative ways for antitumor drug delivery based on environmental response and targeting
principles [30,31].

A recent study evaluated the effect of doxorubicin encapsulated into chitosan/alginate nanoparticles
to inhibit viability and tumor growth of melanoma cells in a mouse melanoma model. The experiments
revealed that the encapsulation of doxorubicin could be considered advantageous because it increases
intracellular accumulation and produces a long-lasting cytotoxic effect [32]. The cationic nature of
chitosan makes it suitable to complex anionic nucleic acids, protecting them from degradation by
nucleases in serum [33].

One of the possible applications of this property is the transport of two specific categories of
non-coding RNAs called microRNA (miRs) and short interfering RNA (siRNAs) [34,35]. MiRs regulate
the expression of messenger RNAs (mRNAs) at a post-transcriptional level. They are implicated in
various aspects of tumor progression, including proliferation, apoptosis, and epithelial–mesenchymal
transition (EMT), and they can promote or suppress tumorigenesis and metastatization, thus acting
either as onco-suppressors or oncogenes [14,36–38].

The possibility of protecting these molecules from enzymatic degradation using chitosan-NPs
represents a very important therapeutic option. SiRNAs have broad potential as therapeutic agents
because they are able to silence any gene in a reversible way. To achieve the clinical potential of siRNAs,
delivery materials are required to transport them in the cells of target tissues.

Rostami and coworkers, in a recent study, developed the alginate-conjugated trimethyl chitosan
(ATMC) nanoparticles loaded with specific siRNAs. In particular, in the cancer cells the activation of
S1P/sphingosine-1-phosphate receptor 1 (S1PR1) and IL-6/glycoprotein 130 (GP130) genes induces
STAT3 phosphorylation, which in turn stimulates their expression.

On this basis, the authors investigated the potential anticancer effect by silencing the S1PR1 and
GP130 genes, through ATMC-NPs containing specific siRNAs; the results obtained in different cancer
cell lines, including melanoma B16F10, although in need of further study, have been encouraging [35].
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2.3. Liposomes

Liposomes are small lipid vesicles (50 to 100 nm) generated from cholesterol, which reduces
their permeability and increases their in vivo and in vitro stability [39]. Liposomes, categorized by the
composition and mechanism of intracellular delivery, fall under five types: conventional liposomes
(CL), pH-sensitive liposomes, cationic liposomes, immunoliposomes, and long-circulating liposomes
(LCL). Liposomes with modified surfaces have also been developed using several molecules, such as
glycolipids or sialic acid [40]. To prolong their circulation time, liposome surfaces have been coated with
a hydrophilic polymer, such as polyethylene glycol (PEG), thus increasing repulsive forces between
liposomes and plasma components [41]. Liposomes seem to be an almost ideal drug-carrier system
due to their morphology being similar to that of cellular membranes and for their ability to incorporate
various substances.

Recently, Gao et al. demonstrated that liposome-PEI encapsulation improved the uptake of
n-Butylidenephthalide (BP) through enhancement of cell endocytosis, indicating that the BP/lipo
PEG PEI complex (LPPC) has great potential in melanoma treatment. In particular, because BP is
metabolized very rapidly, its antitumor role, already demonstrated in various types of cancer, including
melanoma, would be limited. To avoid this problem, the researchers developed the complex BP/LPPC,
improving both the uptake of this drug by the cells and its stability over time [42].

Yin et al. prepared R8-dGR peptide modified paclitaxel (PTX) and hydroxychloroquine (HCQ)
co-loaded liposomes (PTX/HCQ-R8-dGR-Lip) to enhance delivery through recognition of integrin
αvβ3 receptors and neuropilin-1 receptors on B16F10 melanoma cells. The results showed that R8-dGR
modified liposomes (R8-dGR-Lip) enhanced tumor-targeting delivery in vitro and in vivo [43].

Health authorities have approved different liposomal formulations of small molecule therapeutics;
their ability to deliver macromolecules, such as nucleic acid-based therapeutics plasmid DNA (pDNA)
and siRNA, to disease sites is under investigation. In a recent study, lipid nanocapsules were used to
combine two anti-melanoma strategies, gene therapy by using Bcl-2 siRNA and ferrocifens as novel
anticancer agents. The results showed a 50% reduction in tumor volume in tumor-bearing animals
compared to the control group [44].

Sadhu et al. utilized liposomes to deliver glutathione disulfide to melanoma cells. These liposomes
slowed down tumor proliferation by 85–90% in melanoma-bearing mice and significantly improved
the survival rate [45]. Interestingly, lipid constituents of liposomal vesicles can be tailored to achieve
particular immunogenic responses. Manipulation of surface charge density in cationic liposomes can
regulate immune response [46].

Fu and coworkers developed paclitaxel (PTX)-loaded liposomes functionalized with trans
activator of transcription (TAT), the most frequently used cell-penetrating peptide, and cleavable PEG.
Under physiological conditions, the TAT peptide is shielded by a PEG layer and so liposomes exhibit
a good stability in the bloodstream. When liposomes arrive at the tumor site, exogenous reducing
agents could remove PEG, causing TAT exposure and facilitating cell internalization. In this study,
the authors showed a tumor inhibition of around 70% in B16F1-bearing mice [47].

Lastly, the liposomes may also be used as an adjuvant to boost the protective or therapeutic
immune response [48].

2.4. Gold Nanoparticles

Gold nanoparticles (AuNPs) are a type of nanoparticles produced in various sizes and shapes
(i.e., gold nanospheres, nanorods, nanocages, nanoshells, and nanostars). They are dependent on the
synthetic methods adopted for their preparation [49]. These nanoparticles can be prepared in a broad
range of core sizes (1 to 150 nm), which makes it easier to control their dispersion. The presence of a
negative charge on the surface of gold nanoparticles makes them easily modifiable.

Literature reports that various types of gold nanoparticles are effective tools in interfering
with human cancer cell biology, including melanoma [50]. Indeed, their application in therapeutic
development and in cancer diagnosis could provide a potential step forward in cancer theranostics [51].
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Thanks to their physical, chemical and biological features, AuNPs can be used in imaging technology,
such as computed tomography, ultrasound and magnetic resonance and a few of them have been
approved by the FDA in medicine [52].

Kim et al. demonstrated the use of AuNPs as a contrast agent for the quantitative molecular
combining of high-resolution photoacoustic tomography (PAT) of melanomas in vivo. To avoid the
limitations of conventional diagnostic techniques, the authors exploited the enormous optical absorbing
gold nanocages (AuNCs), obtaining a 300% increase in the contrast when AuNCs were bioconjugated
with [Nle4,d-Phe7]-α-melanocyte-stimulating hormone compared to the control nanocages [53].

Through the addition of various biomolecules such as drugs, target ligands and genes,
the nanoparticles could function in an enhanced way. To overcome in vivo delivery barriers,
Au nanocomplexes are normally modified with functional moieties such as stabilizing materials,
target ligands, and bio responsive linkers [54,55].

Conjugation with the anti-nucleosome monoclonal antibody (mAb 2C5) of PEGylated liposomes
improves cancer cell-specific delivery targeting the matrix metalloprotease 2 in the tumor
microenvironment [56]. Many studies showed that the use of magnetic fields or altered temperatures
and light improve the delivery of gold particles including anticancer agents [57].

2.5. Other Nano-Agents

Other nanoparticles have a potential use as anti-melanoma agents (Table 1) [58–65].

Table 1. Several types of nanoparticles used in melanoma treatment.

Nanoparticle Results Cell Line Used Reference

Albumin hybrid
nanoparticles

Better tumor-targeting capacity and significantly
increased drug accumulation in tumor

B16F10
melanoma-bearing mice [58]

Micelles High loading efficiency of drug B16F10 [59]

Dendrimers (PAMAM
DAB, PEA) grafted with

PEG, acetyl groups,
carbohydrates

Increased the bioavailability and efficiency of
transported compounds B16F10 [60]

Copper nanoparticles Induced cell death by inducing oxidative stress B16F10
melanoma-bearing mice [61]

Iron oxide nanoparticles

F10 [62]
Carbon nanotube

All nanoparticles induced selective toxicity and
caspase 3 activation through mitochondria pathway;
Caused generation of ROS, mitochondrial membrane

potential decline, mitochondria swelling and
cytochrome c release

Nanoemulsions
(Coffee oil- algae

oil-based)

Effective inhibition of melanoma cell growth;
Cell cycle arrested at G2/M phase B16F10 [63]

Nanoemulsion of 5-FU Much more efficacious than free 5-FU when used for
topical delivery SK-MEL 5 [64]

Multi-peptide and
toll-like receptor 4
agonist co-delivery

system
based on lipid coated

Zinc-phosphate hybrid
nanoparticles

Exhibited anti-tumor immunity evident by secretion
of cytokines in vitro and increased CD8+ T-cell
response from IFN-γ ELISPOT analysis ex vivo;

Improved anti-tumor effects evidenced from
prophylactic, therapeutic and metastatic melanoma

tumor models compared with free antigens and
single peptide-loaded nano-vaccines

B16F10 [65]

Abbreviations: PAMAM, poly-amidoamine; DAB, diaminobenzidine; PEA, palmitoylethanolamide; PEG,
polyethylene glycol; ROS, reactive oxygen species; 5-FU, 5-Fluorouracil; IFN-γ, interferon-gamma.

2.6. Specific Drug Delivery

The ideal drug carrier would have the ability to deliver the drug to the cell/tissue/organ in a specific
way to make the cancer treatment more efficient. A potentially powerful technology is represented
by targeted nanoparticles. The most used approach is to conjugate to nanoparticles antibodies or
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antibody-derivatives which must be able to overcome the physiological barriers and conditions that
limit access to the target, and to bind target cells through specific antibody–receptor interactions [66].

Primary tumors as well as metastatic tumors overexpress some antigens on their surfaces.
Particularly, for melanoma treatment, the literature shows the specificity of many antigens.

Secreted protein acidic and rich in cysteine (SPARC) was deepened in the tumorigenicity and
progression of melanoma, resulting as a nonstructural matricellular protein [67]. The conjugation of
nanoparticles with a peptide able to specifically recognizing the SPARC protein, has made it possible
to obtain an important tool that exhibited high tumor affinity with a very low binding in negative cell
lines. In in vivo targeting experiments, an increase of SPARC-targeted nanoparticles was observed in
tumor tissue as compared with the control group. Moreover, a very important result was the detection
of both primary tumors and metastatic growth obtained by using the fluorescent version of these
nanoparticles [68].

Melanoma antigen genes (MAGE)-A proteins are a melanoma-specific-antigen family [69].
Saeed and coworkers in a recent work described that the single-chain variable fragment (scFv)
antibodies directed against MAGE-A1 peptide, presented by human leukocyte antigen A1 (HLA-A1),
in short M1/A1, have been coupled to liposomes to achieve specific melanoma targeting. Through
experiments by flow cytometry and confocal microscopy, the authors demonstrated the bind between
M1/A1-positive and B-cells as well as with melanoma cells and the internalization by these cells [70].

The chondroitin sulfate proteoglycan 4 (CSPG4) is a highly specific marker of the nevomelanocyte
lineage and has been utilized to target melanoma. In a recent work, Falvo and coworkers produced
nanoparticles conjugated to a monoclonal antibody specific for CSPG4 encapsulating cisplatin molecules.
Flow cytometry showed a specific binding to CSPG4 (+) melanoma cell lines. Selectivity towards
melanoma was also confirmed in xenograft models: targeted nanoparticles significantly inhibited
growth of melanoma xenografts whereas modestly affected breast carcinoma xenografts [71].

These studies highlight the importance of the potential active targeting to improve the outcome of
a nanoparticle-based therapy.

2.7. Natural Nanoparticles

All cell types of the body release extracellular Vesicles (EVs), which are present in all body fluids.
They are defined by their mechanism of cellular production and include exosomes (EXOs), microvesicles
(MVs) and apoptotic bodies [72]. The diameter of the EXOs ranges from 30 to 150 nm; they are secreted
by most cell types into the extracellular microenvironment under normal and pathological conditions
and can be found in blood, sweat, saliva, urine, amniotic fluids, breast milk, cerebrospinal fluids and
malignant ascites [73–76]. EXOs have a membrane consisting of a lipid bilayer and contain various
biomolecules, including proteins, lipids, RNA and DNA, suggesting their involvement in the regulation
of various biological functions through different molecular mechanisms [77–79].

When EXOs are taken up by other cells, their cargo (mRNAs, miRs and protein) is transferred
and influences the phenotype of recipient cells [80,81]. EXOs mediate cell-to-cell communication and
are involved in different physiological and pathological processes, also playing an important role in
cancer [82]. Like other tumors, melanoma cells modify their microenvironment to enable growth and
metastasis via direct cellular interactions or the indirect release of soluble factors and/or EXOs.

Similarly to synthetic nanoparticles, EXOs can be considered drug delivery systems and possess
important advantages such as long-term circulatory capability, good biocompatibility, minimal toxicity
and intrinsic ability to target specific cells [83]. Moreover, one of the most useful properties of EXOs is
their ability to cross the cytoplasmic membrane [84] and the blood/brain barrier [85].

Altogether, these characteristics make EXOs a very interesting drug delivery system [86]. Recently,
several studies have focused on specific modification of EXOs surface to make them a proper candidate
for cellular uptake and target specificity [87]. In particular, it has been proved that modification of
EXO–tetraspanin complexes strongly influences target cell selection both in vitro and in vivo [88],
improving the targeting of tissues and cell types of interest. Other modified transmembrane proteins are
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the platelet-derived growth factor receptors [89]. In 2018, Kim et al. engineered macrophage-derived
EXOs loaded with the anticancer drug paclitaxel to improve their circulation time in the blood and
allow them to target pulmonary metastases. By using this modified EXOs, the drug can selectively
deliver to target cancer cells and also can increase the survival rate in an in vivo lung cancer model [90].

In the last decade, several studies have focused on immune system stimulation for the treatment
of different cancers. Dendritic cell-derived EXOs (dexosome) have been successfully engineered to
target helper T cells to stimulate cytotoxic T cell proliferation, influence T cell differentiation and create
an anti-tumor environment [91]. Dexosomes have entered clinical trials for colorectal cancer [92],
non-small cell lung cancer [93] and metastatic melanoma [94]. Particularly in melanoma cancer,
EXOs are studied as therapeutic cell-free vaccines, e.g., dendritic cell-derived EXOs loaded with
MAGE3 antibodies were administered subcutaneously or intradermally to stimulate the immune
response of melanoma stage IIIb/IV patients obtaining positive clinical effects [95].

Moreover, Zhu et al. analyzed the fundamental role of EXOs derived from natural killer cells
to exert cytotoxic effects on melanoma cells, suggesting this could be a potential immunotherapeutic
strategy for cancer [96]. More recently, Luigini L. et al. performed a homemade test for the analysis of
natural killer exosomes derived from plasma of melanoma patients and healthy donors. Their results
showed that these vesicles could be used to improve cancer treatment in combination with NK cells or
immune checkpoint-based therapies [97].

Among the new therapeutic approaches, very interesting results were reviewed by Chillà A. et al.
In their paper, they refer to the therapeutic use of some particular cells used as natural nanoparticles [98].
For example, the possibility to target an experimental melanoma with red blood cells (RBCs) and
platelet membrane-coated gold nanoparticles containing curcumin was described. In this study,
the natural cell membranes have been used as biointerfaces that interact with the host environment.
Platelet membrane coating has been used to target cancer cells while RBC membrane coating has been
used to provide clearance by macrophages [99]. This cell-mediated delivery would provide controlled
dosing, no systemic toxicity, and high tolerance by the patient and could be possibly evaluated as a
therapeutic strategy in melanoma [98].

2.8. Natural Nanoparticles for Metastatic Melanoma Diagnosis

Early diagnosis and effective therapy are undoubtedly the primary issues for prolonging the
survival of cancer patients. At present, the solid biopsy used for diagnosis is mostly the basis for
treatment of cancer. Unfortunately, this method has considerable limitations as it is invasive and
sometimes not feasible. Accumulating evidence over the past few decades has highlighted the potential
use of circulating molecular biomarkers as a promising platform for the noninvasive diagnosis and
definition of prognosis. As previously reported, the cargos incorporated in EXOs reflect the contents
and the pathological status or signaling alterations of the original cells. Moreover, the cargos are
protected from degradation and are isolable from patients’ body fluids. Thus, analyses of circulating
EXOs and their contents in blood could represent a promising strategy in cancer diagnosis advancement
and monitor patients’ therapeutic response.

For instance, PD-L1 expression in tumor tissues is widely used in selecting patients who will
benefit from treatment with immunotherapy. Recently, evaluating the role of exosomal PD-L1 expressed
in melanoma patients treated with anti-PD-1/PD-L1 antibodies, Danesi R. and his group showed
that exosomal PD-L1 expression increased in subjects with disease progression and decreased in
patients responding to treatment, while no significant changes were observed in patients with disease
stabilization [100]. In the same year, Chen G. et al. [101] showed that Interferon-γ (IFN-γ) up-regulates
PD-L1-containing EXOs secretion and changes during the course of anti-PD-1 therapy. In accordance,
a very recent prospective study to evaluate exosomal-PD-L1 expression from 100 melanoma patients
treated with immune checkpoint inhibitors and BRAF/MEK inhibitors, showed that tumor EXOs
carrying PD-L1 had immunosuppressive properties since they were as efficient as the melanoma cell at
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inhibiting T-cell activation. This study provided a rationale for monitoring the EXO-PD-L1 level as a
potential predictor of treatment response in melanoma patients [102].

Functional nucleic acids contained in EXO (miRs, long non-coding RNAs, circulating RNAs,
mRNAs, and DNA) are chemically stable and resistant to degradation by RNAases. Numerous
previous studies have shown that exosomal miRs could be potential diagnostic and prognostic
biomarkers for melanoma [103]. In particular, González and his group, in one of the first publications
that identified circulating exosomal miRs in patients with melanoma, reported that the EXOs from
patients with melanoma contain a level of miR-125b that is significantly lower compared to that
contained in EXOs from disease-free melanoma patients or healthy controls [104]. Consistently,
miR-125b appears to function as a tumor suppressor in melanoma, by direct regulation of c-Jun
and MLK3 protein expressions [105,106] and inducing cell senescence [107]. Recently, Huber et al.
have described seven miRs, including miR-125b-5p, that were released in extracellular vesicles and
associated with myeloid-derived suppressor cells (MDSCs) and resistance to treatment with immune
checkpoint inhibitors in melanoma patients [108]. Moreover, it was reported that the regulation of
the miR-125b-5p/EIF5A2 axis in melanoma, through the long intergenic non-protein coding RNA 520
(LICN00520), promotes the proliferation, invasion and migration of melanoma cells. The authors
suggest that long non-coding RNA (lncRNA) expression level may be possibly evaluated in blood
circulation as a therapeutic biomarker [109].

Another report by Tengda et al. reported that the analysis of a panel of five exosomal miRs,
in particular miR-532-5p and miR-106b, was able to distinguish patients with or without metastases,
patients with stage I–II from patients with III–IV of disease and patients who received pembrolizumab
treatment from those not treated [110].

Most studies have shown the potential role of tumor-derived EVs, mainly EXOs, as biomarkers
to predict cutaneous malignant melanoma (CMM) outcome and resistance to MAPKis [110–112].
A recent work published by Svedman has led to the identification of the EV-derived miRs, let-7g-5p
and miR-497-5p, that can be used as putative good predictive biomarkers after MAPKi treatment
in metastatic CMM patients [113]. As reported by Lunavat et al., the expression of miR-211–5p is
up-regulated upon vemurafenib and dabrafenib treatment in EXOs and melanoma cells. Interestingly,
the authors suggested that stable expression of miR-211–5p reduces sensitivity to BRAF inhibition by
regulating cellular proliferation. The authors indicate this miR as a promising prognostic biomarker in
melanoma [112].

MiR-21, one of the most frequently up-regulated miRs in solid tumors, controls important tumor
suppressor genes as well as genes involved in carcinogenesis, such as phosphatase and tensin homolog
(PTEN), programmed cell death protein 4 (PDCD4), phosphoinositide 3-kinase (PI3K), Sprouty and
reversion inducing cysteine rich protein with Kazal motifs (RECK) [114–118]. As a result, miR-21 has
been proposed as a plausible diagnostic and prognostic biomarker, as well as a therapeutic target for
several types of cancer [119]. Moreover, the use of exosomal miR-21 as a potential biomarker has been
proposed. Specifically, a systematic review provided evidence that is consistent with this hypothesis
although the limited number of each cancer type analyzed should be considered. In addition, the author
suggested that a combination of miR panels or cancer antigens may be a good strategy to have better
diagnostic results or prognostic predictions in most circumstances [120].

MiR-21 plays a pivotal role in melanomagenesis and is released in EXOs produced from melanoma
cells [121]. In an interesting work, Pfeffer et al. performed a miR profiling on RNA prepared from
plasma-derived EXOs from specific patient cohorts [122]. As stated in the cited review [120], they found
that a panel of five miRs (miR-17, miR-19a, miR-21, miR-126, and miR-149) was expressed at higher
levels in plasma-derived EXOs from patients with metastatic melanoma. In addition, these miRs
were found to be over-expressed in patients with metastatic sporadic melanoma compared to familial
melanoma patients or healthy controls. This panel is proposed as a predictive biomarker to monitor
remission as well as relapse following therapeutic intervention [122]. Of interest, miR-21 and miR-146a
up-regulations were found in vitreal EXOs of patients with uveal melanoma (UM) as a consequence
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of dysregulation arising from tumor cells. Data shown in that paper also suggest the possibility of
detecting these miRs in VH (vitreous humor) and that serum of UM patients could be considered a
potential circulating marker [123]. In addition, the plasma level of miR-21 was positively correlated
with tumor burden in metastatic melanoma patients [124] and its relative expression was positively
correlated with the tumor nodes and metastasis (TNM) stage of melanoma [125]. All these studies
confirmed that the expression of miR-21 in melanoma patients can be used as a potential serum
biomarker for melanoma metastasis diagnosis and disease assessment.

Several proteins involved in melanoma progression and metastasis have been identified in EXOs
and could be considered as possible prognostic biomarkers [126].

A large increase in total exosomal protein derived from malignant melanoma occurs during
disease progression. Specifically, each melanoma cell line appears to exhibit an individual type of
heat shock protein (HSP)70 expression, likely reflecting a selection during tumor progression and
therapy [127]. Very interesting results were obtained from Peinado and coworkers who identified a
melanoma-specific exosomal signature in blood from patients with stage IV melanoma that included
expression of tyrosinase-related protein-2 (TYRP-2), very late antigen-4 (VLA-4), HSP70, HSP90 and
mesenchymal epithelial transition (MET) oncoprotein [128]. More recently, Alegre et al. evaluated
the presence of the melanoma biomarkers melanoma inhibitory activity (MIA) protein, S100B and
tyrosinase-related protein 2 (TYRP2) in EXOs derived from serum obtained from stage IV melanoma
patients, melanoma-free patients and healthy controls. They observed that MIA and S100B can be
detected in EXOs and their quantification presents diagnostic and prognostic utility in melanoma
patients [129].

Recently, lncRNAs have emerged as an important regulatory factor in tumor growth and
transformation [130]. In particular, Cantile et al. have analyzed the fundamental role played by
HOTAIR in the malignant transformation and progression of melanoma cells. Moreover, they have
identified this lncRNA in the blood and have suggested its potential role as circulating marker [131].
Numerous reports have shown that exosomal lncHOTAIR could be a sensitive liquid biomarker of
different types of cancers, such as glioblastoma multiform, breast cancer and non-small-cell lung cancer
(NSCLC) [132–134]. However, the potential use of EXOs for HOTAIR detection in melanoma cells has
not yet been explored.

In a very recent and interesting study, the authors describe a comprehensive proteomic analysis
of 426 human samples from tissue explants (TEs), plasma and other body fluids. They reported
that the “tiny packages of materials released by tumors”, called EVPs (extracellular vesicles and
non-vesicular particles <50 nm), may serve as biomarkers for detecting a number of different types of
cancers (including melanoma) in its early stages. In particular, the analysis of some specific proteins
(e.g., versican, tenascin C, and thrombospondin 2 can distinguish tumors from normal tissues with
90% sensitivity and 94% specificity. Moreover, they have defined a panel of tumor-type-specific EVP
proteins in TEs and plasma, which can classify tumors of unknown primary origin [135].

3. Conclusions

Advanced melanoma is a rapid metastasizing and drug-resistant cancer [1,2]. Despite the
availability of new therapies discovered in recent years, metastatic melanoma remains a highly lethal
disease. Recent advances in nanotechnologies opened up new perspectives for treating melanoma,
potentially effective in overcoming the limitations of conventional approaches: toxicity to normal
tissues, development of drug resistance and rapid blood clearance. Nanotechnologies are based on the
use of different polymers whose specific characteristics are adapted to different aspects of therapies.
Both the Food and Drug Administration (FDA) and European Medicines Agency (EMA) recently
approved several types of nanoparticles as a system for conveying nucleic acids, drugs and other
molecules for cancer and other disease treatment, including melanoma [17,18,28]. More optimized
nanocarriers for the delivery of drugs in a specific way that is able to make the melanoma treatment
more efficient is represented by targeted nanoparticles. Melanoma-specific antibodies are conjugated
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to nanoparticles, thus overcoming the physiological barriers and conditions to reach the target and to
recognize and actively bind to target cells through specific antibody–receptor interactions [66].

The discovery of EXOs as natural carriers of RNA, DNA, proteins and lipids have highlighted the
potential use of these vesicles as circulating molecular biomarkers for both diagnostic and therapeutic
purposes. Due to their easy handling and their ability to transfer molecules between cells, EXOs may
be a very performant delivery system [86]. Moreover, naturally secreted EXOs loaded with therapeutic
molecules may optimize efficacy of treatment while also reducing off-target delivery. Specifically,
molecules may be included in EXOs that are difficult to deliver intracellularly without the use of a
carrier (ncRNA, recombinant proteins, small-molecule drugs). Particularly in melanoma, EXOs are
also studied as a therapeutic cell-free vaccine [95]. The purification of pure populations of EXOs from
EXO-secreting cell lines, unlike those released from autologous primary cells, have immunogenic
and oncogenic potential. However, the modification of the complex structure of naturally secreted
EXOs may limit their functional activity and their pharmaceutical acceptability. As a potential
alternative, some authors have proposed the development of EXO-mimetics manufactured using
selected components of EXOs that can be incorporated into synthetic nanoparticles to enhance their
stability, immunogenicity, targeting, and uptake [136]. However, the main and useful components of
exosomes to therapeutic delivery have not been identified yet.

Although the high number of publications in this field suggests the high diagnostic and prognostic
potential of EVs in melanoma, our knowledge remains limited. Several factors hinder the real use of
EVs or EXOs as biomarkers. For example, the differences in the methods used by researchers to isolate
EXOs from patients’ blood introduce heterogeneity in the composition of the different preparations,
thus precluding the identification of the active components. Furthermore, different populations of
vesicles are found in the plasma of patients and the isolation of those released by melanoma tumor cells
would be of great scientific importance. In this regard, a recent publication by Ferrone et al. suggests
the use of an antibody directed against CSPG4 antigen to separate exosomes released by melanoma
from those secreted by normal cells [137].

In conclusion, natural or synthetic nanoparticles are promising tools to design new therapeutic,
diagnostic and prognostic approaches to cancer and, in particular, to melanoma. Studies are needed to
fill the gap between the large amount of evidence available in the preclinical setting and the limited
evidence obtained in the real clinical situation.
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Simple Summary: The response to pharmacological treatments is deeply influenced by the tight
interactions between the tumor cells and the microenvironment. In this review we describe,
for melanoma, the most important mechanisms of resistance to targeted therapy and immunotherapy
mediated by the components of the microenvironment. In addition, we briefly describe the most
recent therapeutic advances for this pathology. The knowledge of molecular mechanisms, which are
underlying of drug resistance, is fundamental for the development of new therapeutic approaches for
the treatment of melanoma patients.

Abstract: Antitumor therapies have made great strides in recent decades. Chemotherapy,
aggressive and unable to discriminate cancer from healthy cells, has given way to personalized
treatments that, recognizing and blocking specific molecular targets, have paved the way for targeted
and effective therapies. Melanoma was one of the first tumor types to benefit from this new care
frontier by introducing specific inhibitors for v-Raf murine sarcoma viral oncogene homolog B (BRAF),
mitogen-activated protein kinase (MEK), v-kit Hardy–Zuckerman 4 feline sarcoma viral oncogene
homolog (KIT), and, recently, immunotherapy. However, despite the progress made in the melanoma
treatment, primary and/or acquired drug resistance remains an unresolved problem. The molecular
dynamics that promote this phenomenon are very complex but several studies have shown that
the tumor microenvironment (TME) plays, certainly, a key role. In this review, we will describe the
new melanoma treatment approaches and we will analyze the mechanisms by which TME promotes
resistance to targeted therapy and immunotherapy.

Keywords: melanoma; targeted therapy; immunotherapy; tumor microenvironment; therapeutic
resistance

1. Introduction

Melanoma is one of most aggressive human tumors, arising from the uncontrolled proliferation
of melanocytes, the skin cells responsible for the production of melanin. In terms of incidence,
malignant melanoma accounts for approximately 5% of all malignant tumors and its incidence is
highly variable, depending on race and geographical variations: It is predominantly diagnosed in
Caucasians and 85% of cases occur in North America, Europe, and Oceania. Although highly curable
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when diagnosed in an early phase, melanoma is an aggressive disease with five years’ relative survival
of only 25%, when diagnosed at an advanced metastatic stage [1,2]. Like many other solid tumors,
malignant melanoma is highly heterogeneous and substantially resistant to unselective treatments,
such as chemotherapy. In the past few years, mutational analysis and next-generation sequencing
(NGS) approaches have shown that somatic mutations in BRAF or neuroblastoma RAS viral oncogene
homolog (NRAS) genes promote deregulated survival and migration when combined with genetic
alterations and/or epigenetic events that support senescence bypass [3,4].

Moreover, metastatic melanoma is considered a perfect example of immunogenic tumor because
it is characterized by the consistent presence of lymphocid infiltrate, as compared to other cancers [5].
Based on these observations, molecularly targeted therapy and immunotherapy have revolutionized
the approach to melanoma treatment and overall management. Clinical evidence has shown extremely
encouraging results in terms of overall survival (OS) in patients treated with targeted therapy and
immunotherapy [6–9]. Despite many important advances, however, development of the resistance
remains a significant obstacle to melanoma curability and can be modulated by several factors,
both intrinsic and extrinsic to the cancer cell. One such important factor is certainly the tumor
microenvironment (TME), an intricate and complex network of cells, molecules, and paracrine factors
that are tightly interconnected with melanoma cells, thereby influencing their initiation, progression,
and sensitivity/resistance to therapeutic interventions.

In this review, we focused on melanoma microenvironment, analyzing its implications in
therapy resistance.

2. Melanoma Targeted Therapy and Immunotherapy: An Overview

The identification of new molecular targets and the availability of modern immunotherapeutic
approaches have revolutionized the treatment of advanced melanoma. By enabling the detection
of genomic, transcriptional and epigenetic changes, NGS has allowed the identification of specific
targets, thereby allowing for the development and optimization of treatments interfering with specific
molecular targets [10,11]. Although such novel therapeutic approaches have demonstrated clinical
efficacy and rapid responses in most patients, acquired resistance represents a significant challenge
and has yet to be overcome. The most important therapeutic approaches to contemporary melanoma
treatments are summarized in Figure 1.

2.1. Targeted Therapy

2.1.1. BRAF Inhibitors

The Mitogen-activated protein kinase (MAPK) pathway represents the signaling pathway most
frequently dysregulated in melanoma and many inhibitors against this cascade have been developed
at preclinical and clinical levels [12,13].

The serine/threonine protein kinase BRAF, physiologically involved in the control of cellular
growth, is mutated in about 50% of all melanomas [14]. Although 20 individual BRAF mutations
have been described, approximately 90% of BRAF-mutant melanomas present a mutation leading
to the substitution of the valine 600 residue by glutamic acid (V600E) [15]. BRAF mutation per se is
not sufficient to promote melanoma formation, but several studies have highlighted a crucial role
of the mutant protein in disease progression [16]. In experiments in vitro, BRAF inhibition blocks
melanoma growth and stimulates apoptosis, while, in vivo, reduced tumor formation is observed
in mouse models [15–20]. Several BRAF inhibitors have been developed and approved for the
treatment of melanoma and other BRAF-mutant tumors. Vemurafenib (or PLX4032) and dabrafenib
(or GSK2118436) are potent and selective BRAF kinase inhibitors approved by the Food and Drug
Administration (FDA) in 2011 and 2013, respectively, for metastatic melanoma. They shut down
signaling through extracellular signal-regulated kinase (ERK) and, consequently, inhibit cellular
growth in BRAF-mutant melanoma cells and induce tumor regression in xenograft models [21–23].
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To date, these two drugs are employed, alone or in combination with chemotherapy, other targeted
agents and immunotherapy in many clinical trials because they have shown to induce a substantial
clinical responses and to prolong OS and progression-free survival (PFS) in melanoma patients [24,25].
Encorafenib (or LGX818) is a relatively novel BRAF inhibitor, approved by the FDA in June 2018.
At preclinical level, it inhibits BRAFV600E kinase activity determining cell growth inhibition in vitro
and tumor regression in vivo in mouse models of BRAF-mutant melanoma [26]. A recent clinical trial,
conducted on 577 BRAF-mutant melanoma patients, showed that encorafenib alone or in combination
with binimetinib (MEK inhibitor) brings benefits, in terms of survival and tolerability, as compared to
treatment with vemurafenib alone [7].
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Figure 1. Schematic representation of the most important approaches to melanoma treatment.
(A) Mitogen-activated protein kinase (MAPK) signaling is often deregulated in melanoma and, for this
reason, several drugs against the components of the pathway have been developed. Although less
frequently mutated, the v-kit Hardy–Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) receptor
tyrosine kinase, represents another molecular target for certain melanomas, and KIT inhibitors can be
used in combination with chemotherapy or immunotherapy. (B) Cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), interacting with B7 ligands present on the surface of dendritic cells (DCs),
prevents the activation of T lymphocytes. The functional block of CTLA-4 mediated by monoclonal
antibodies supports the interaction between B7 ligands and CD28, positive regulator receptor of the T
lymphocyte activity. (C) Melanoma cells usually express elevated levels of programmed death ligand
(PDL) 1 and 2, which, through interaction with programmed cell death protein 1 (PD-1) receptor on
T cells, block their activation. Pharmacological inhibition of the PD-1 axis restores T cells’ ability to
recognize and kill tumor cells.

It is now well known that BRAF inhibition alone in melanoma can be overcome by many
different mechanisms of resistance, some of which encompass downstream reactivation of MAPK
pathway [27]. This phenomenon, called “paradoxical effect”, is determined by dimerization between
wild-type (wt) or kinase-inhibited BRAF and v-raf1 murine leukemia viral oncogene homolog 1
(CRAF), causing RAF signaling reactivation [28,29]. Even in tumor models different from melanoma,
such as BRAF- wt)/RAS-mutant (mut) lung and pancreatic cancers, we confirmed paradoxical MAPK
reactivation upon pharmacological BRAF kinase inhibition; however, simultaneous treatment with
MEK inhibitors switched MAPK off again and induced a synergistic reduction of cell growth both
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in vitro and in vivo [30]. Indeed, in the past few years, clinical treatment of BRAF-mutant melanoma
patients shifted toward a vertical combination of BRAF and MEK inhibitors, able to determine major
improvements in terms of OS and PFS [8,30–33].

2.1.2. Mitogen-Activated Protein Kinase (MEK) Inhibitors

Trametinib (GSK1120212), cobimetinib (GDC-0973), and binimetinib (MEK162) are all potent
selective inhibitors of MEK1 and MEK2 and are associated with significant cell growth inhibition
in in vitro experiments and antitumor activity in mouse models of BRAF-mutant melanoma [34].
As described above, they are used as either monotherapy or, more often, in combination with
dabrafenib, vemurafenib, and encorafenib, respectively, in patients affected by BRAF-mutant
advanced melanoma [15,35,36]. MEK inhibitors also determine modest benefits in terms of PFS
for melanoma patients whose tumors carry missense mutations in NRAS (occurring in about 20% of
melanoma cases) [37–41].

2.1.3. V-kit Hardy–Zuckerman 4 Feline Sarcoma Viral Oncogene Homolog (KIT) Inhibitors

Activating somatic mutations in the KIT proto-oncogene are found in approximately 2–8%
of melanomas, especially in those arising in mucosal and acral localizations (10–20% of the cases,
respectively) [42,43]. When KIT is mutated, in exons 11 and 13, the regular growth and differentiation
of melanocytes becomes uncontrolled; moreover, these mutations are generally mutually exclusive
with the more frequent ones, such as those in BRAF and NRAS [13,44]. Many inhibitors, developed to
block KIT and other tyrosine kinase receptors (RTKs), were analyzed in different clinical trials for
melanoma such as imatinib, sunitinib, dasatinib, and nilotinib in combination with chemotherapy and
immunotherapy [45,46].

2.2. Immunotherapy

Given its immunogenic characteristics, melanoma has been one of the solid tumors in which
immunotherapy, using many different strategies aimed at stimulating the patient’s immune system to
recognize and eliminate cancer cells, has been most intensively studied [5]. Current immunotherapy
approaches to human malignant melanoma include: monoclonal antibodies against immune
checkpoint (ICIs), T-cell therapy, and cancer vaccines. Monoclonal antibodies inhibiting specific
ICIs, including anti-programmed cell death protein 1 (PD-1), anti-programmed death ligand-1 (PDL-1),
and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), alone or in combination, have been
tested with great success in clinical trials and approved by the FDA for the treatment of advanced
melanoma [47,48].

2.2.1. Anti-CTLA-4

CTLA-4, present on the surface of cluster of differentiation 4 (CD4+) and CD8+ lymphocytes,
is another important pharmacological target for the treatment of several neoplastic forms,
including metastatic melanoma [49]. Upon binding to the B7-1 (CD-80) and B7-2 (CD86) ligands
on dendritic cells (DCs), CTLA-4 prevents their binding to the CD28 co-stimulatory receptor,
which positively regulates lymphocyte activity, thereby triggering inhibitory signals that negatively
regulate T-lymphocyte activation. Unlike the PD-1 axis (see below), which operates during the effector
phase of the immune response, CTLA-4 and its inhibitors are implicated during the early stages of
antigen presentation, leading to the first activation of T cells and immune recognition of the tumor.
This prerogative is one of the reasons why combined checkpoint inhibition (with anti-CTLA-4 and
anti-PD-1 agents) results in synergistic antitumor efficacy in the clinical setting [50]. Ipilimumab
(MDX-010) is a humanized antibody against CTLA-4, currently approved by the FDA for the treatment
of metastatic melanoma, either alone or in combination with PD-1 inhibitors. Ipilimumab significantly
improved OS, as compared to cytotoxic chemotherapy, in metastatic melanoma, resulting in a
proportion of patients experiencing prolonged disease control and causing a plateau in the survival
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curve at three years [51–53]. Tremelimumab (CP-675,206) is another monoclonal antibody against
CTLA-4, which promotes important and durable tumor regressions in approximately 10% of metastatic
melanoma patients; however, unlike ipilimumab, no significant changes in terms of survival were
observed between patients treated with tremelimumab and those treated with chemotherapy [54].
Both of the two CTLA-4 antibodies are currently being studied in over 300 clinical trials involving
patients with malignant melanoma [45].

2.2.2. Anti-PD-1

The PD-1 receptor, expressed on the surface of several immune cells, physiologically inhibits T cell
activity upon binding to its ligands PDL-1 and -2. Activation of the PD-1/PDL-1/2 axis is frequently used
by cancer cells to escape immune-mediated killing, often through suppression of downstream effectors
the phosphatidylinositol 3-kinase (PI3K) pathway and cell cycle arrest in cytotoxic lymphocytes
(CTL) [55]. Melanoma is generally characterized by high levels of PDL-1 expression, which correlates
with poor prognosis; based on this finding, several monoclonal antibodies directed against the PD-1
axis have been developed and are used for melanoma treatment [56–60]. Nivolumab (BMS-936558,
MDX-1106) and pembrolizumab (MK-3475) represent the two most important monoclonal antibodies
against PD-1. They positively regulate the reactivation of T cells by blocking the interaction between
the PD-1 receptor and its ligands, and have been studied in clinical trials, either alone or in combination
with other ICIs, such as ipilimumab (CTLA-4 inhibitor, see above), chemotherapy, and targeted therapy.
Preclinical studies have shown impressive results in terms of tumor growth inhibition; most importantly,
clinical studies conducted in metastatic melanoma patients confirmed a clinically and statistically
significant impact of these agents in terms of PFS and OS prolongation [21,61–65]. The phase III clinical
trial CheckMate 067, completed in 2015, has shown a significant survival benefit (in terms of both PFS
and OS) for metastatic melanoma patients treated with nivolumab, either alone or combined with
ipilimumab. Compared with ipilimumab monotherapy the risk of death was reduced by 48% (p < 0.001)
by the combination of nivolumab plus ipilimumab and by 36% (p < 0.001) by nivolumab alone [66,67].
Pembrolizumab revolutionized the treatment of patients with advanced melanoma versus ipilimumab,
significantly improving PFS and OS [68]. Recently, the phase III clinical study KEYNOTE-006 further
confirmed this finding, showing the superiority of pembrolizumab even after five years of follow-up.
The median OS was 32.7 months for patients treated with pembrolizumab and 15.9 months for
groups of patients treated with ipilimumab. The PFS was 8.4 months and 3.4 months for patients
treated with pembrolizumab and ipilimumab, respectively [65,69]. Several PDL-1 inhibitors are now
involved in clinical trials for melanoma. Atezolizumab has shown promising results in monotherapy for
patients with metastatic melanoma [70]. Recently, the results of a triple combination of atezolizumab,
vemurafenib, and cobimetinib, in patients with BRAF-mutant melanoma, were reported: the phase
III clinical study IMspire 150 showed a significant PFS benefit (15.1 vs. 10.6 months) for patients:
treated with the triple combination, as compared to those who received vemurafenib and cobimetinib
only [71]. Avelumab is another human anti-PDL-1 antibody involved in a phase I clinical trial (JAVELIN)
for previously treated metastatic melanoma patients. The trial showed long-lasting and clinically
meaningful disease control, with promising PFS and OS duration [72].

2.2.3. Alternative Melanoma Immunotherapies

Immunological therapies for melanoma are not limited to the use of checkpoint inhibitors.
Isolation and ex vivo expansion of tumor-infiltrating lymphocytes (TILs) and their reintroduction in
patients subjected to surgical removal of melanoma lesions has shown potential benefits; however,
such complex approach remains limited to a research setting and is available only in a few specialized
centers [73]. Chimeric antigen receptor T-cells (CAR-T) are another therapeutic approach that involves
the use of engineered T cells to promote their ability to recognize cancer cells. Although this therapeutic
field has made great strides and achieved unique results in the treatment of hematological malignancies,
it has not produced the same positive effects in melanoma and other solid tumors, due to the
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presence of a highly immunosuppressive microenvironment in these contexts [74]. New treatment
scenarios involve the development of vaccines that can stimulate the patient’s immune system against
tumor-associated antigens. Although preclinical research has obtained promising results in several
cancer models, including melanoma, clinical results to date have been largely unsatisfactory [75,76].
Glycoprotein (Gp)-100, as an example, is a synthetic peptide encompassing a few amino acid residues
of the trans-membrane Gp-100 protein expressed by melanoma cells. It has been formulated into
a vaccine developed for advanced melanoma and utilized in clinical trials [77]. Vaccination with
this peptide stimulates the host immune system inducing a CTL response that recognizes and kills
melanoma cells in vitro. In a clinical study conducted in 185 patients with advanced melanoma,
the immune-stimulating cytokine interleukin-2 (IL-2) was given alone or in combination with the
Gp-110 peptide; patients treated with this combination presented a significant increase in terms of
OS [78]. Vitespen is another vaccine developed for melanoma treatment, encompassing a heat shock
protein/peptide complex (Gp-96) obtained and purified from surgically excised tumors. In advanced
melanoma it has failed to show survival benefits but continues to stimulate the attention of researchers
due to its extremely favorable toxicity profile [79,80].

3. TME Implications in Drug Resistance for Melanoma

Development of therapeutic resistance arguably represents the most important challenge in
cancer therapy. Such phenomenon is associated with disease progression and low survival rates
and is promoted by the ability of cancer cells to activate both intrinsic (i.e., dependent on genetic
changes occurring in the cancer cell itself) and extrinsic (i.e., mediated by cross-talk mechanisms
occurring between cancerous and noncancerous cells) escape mechanisms. Tumors are characterized
by high genomic instability and heterogeneity and these prerogatives may lead to both primary
(or de novo) or acquired resistance (i.e., occurring in cells previously responsive to the same treatment).
Most importantly, the selective pressure applied by treatment itself may select out specific mechanisms
of resistance. In some instances, therapeutic resistance occurs independent of genetic changes modifying
cancer cells’ acquired capabilities: In these cases, the insurgence of drug resistance can be attributed to
changes occurring in different compartments of the TME. Indeed, tumor masses, including those that
form in metastatic melanoma, should not be considered as isolated contexts without interactions; indeed,
it has long been known that tumor cells "cross talk" continuously with many cellular and acellular
components of the tumor stroma, which surrounds and penetrates the tumor mass. Such intricate
structures constitute the TME and are characterized by mutual and continuous interactions between
tumor and nontumor cells. TME is composed of cells and extracellular components of different origins,
which contribute in several ways to the various stages of tumor progression (Figure 2) [81,82].

3.1. Cellular Components

3.1.1. Cancer-Associated Fibroblasts (CAFs)

Fibroblasts are important components of the stroma and their physiological functions encompass
synthesis of extracellular matrix (ECM) and regulation of the inflammatory process. Upon tight
(direct or mediated by soluble factors) interaction with cancer cells, fibroblasts differentiate into CAFs,
which are characterized by specific markers: α smooth muscle actin (α-SMA), fibroblast activation
protein (FAP), vimentin, fibroblast specific protein 1 (FSP1), and platelet-derived growth factor
receptor (PDGFR)-α and β [83–85]. CAFs are involved in many cellular processes, including ECM
remodeling, angiogenesis, and cell-to-cell interactions; in vivo, their activation is fundamental for
tumor neo-vascularization [86,87]. In vitro and in vivo studies have shown that the continuous and
persistent interactions between tumor cells and CAFs promote many aspects of the tumorigenic process,
such as tumor progression, metastasis, and drug resistance. Melanoma cells, co-cultured with CAFs or
grown in their conditioned media, display greater invasion and migration capabilities, as compared to
the same cells cultured in isolation [88,89]. Recent studies also confirm that CAFs’ activation is probably
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a crucial step for melanoma metastasis formation. Indeed, mice, in which the CAFs are inhibited
by β-catenin suppression, displayed markedly decreased tumor-mediated vascularization [87,90].
CAFs and tumor cells reciprocally influence each other’s biological behavior, and such cross talk is
finely regulated by specific molecular mechanisms. As described in Figure 3A, the co-regulation
system can involve tumor necrosis factor receptor-associated factor 6 (TRAF6), expressed in CAFs’
activated and melanoma cells [91].
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Figure 2. Relationship between melanoma and tumor microenvironment (TME). In this figure,
is illustrated schematically the reciprocal interactions between melanoma cells and the other components
of TME. Melanoma’s TME, involved in tumor growth, progression, and drug resistance, is essentially
represented by regulatory T cells (Tregs), cancer-associated fibroblasts (CAFs), myeloid-derived
suppressor cells (MDSCs), tumor-associated macrophages (TAMs), cluster differentiation 4 (CD4+)/CD8+

lymphocytes, dendritic cells (DCs), endothelial and lymphatic cells, and extracellular matrix (ECM).

In melanoma cells, TRAF6 promotes nuclear factor kappa-light-chain-enhancer of activated B cells
(NFkB)-dependent release of fibroblast growth factor 19 (FGF19), implicated in the transformation and
activation of fibroblasts. FGF19-mediated CAFs’ activation supports, in turn, the malignant and invasive
phenotype of melanoma cells and their drugs resistance. On the other hand, TRAF6 upregulation
in fibroblasts results in ECM remodeling through the release of matrix metalloproteinases (MMPs)
2 and 9 [91].

The mutual interaction between melanoma and CAFs can promote drug resistance in different ways.
Straussman and collaborators highlighted the role of hepatocyte growth factor (HGF) in the development
of acquired resistance to BRAF inhibitors (Figure 3B). Co-culture systems and proteomics analysis
showed that HGF secreted by fibroblasts, by interacting with its mesenchymal ephitelial transition
(MET) receptor on melanoma, induced MAPK and PI3K pathways’ activation, thereby promoting
resistance to RAF inhibition. Simultaneous downregulation of both RAF and MET reverted resistance
in vitro, and it has been proposed as a possible therapeutic approach for the treatment of BRAF-mutant
melanomas. Most importantly, the authors confirmed increased HGF expression in stromal cells of
BRAF-mutant melanoma patients undergoing BRAF-targeted treatment in vivo, which resulted in
poor prognosis and decreased response to treatments [92]. Neuregulin 1 (NRG1) is another paracrine
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factor through which CAFs may influence melanoma response to MAPK inhibitors (Figure 3C).
NRG1 is the ligand of v-erb-b2 avian erythroblastic leukemia viral oncogene homolog3 (ErbB3),
which is upregulated in melanoma cells after treatment with BRAF inhibitors. The use of ErbB3/ErbB2
antibodies restores the cytotoxic activity of these drugs in BRAF-mutant melanoma cell lines [93].
Furthermore, vemurafenib treatment increases the production of transforming growth factor β (TGF-β)
by melanoma cells; TGF-β, in turn, causes CAFs’ activation and increased fibronectin production,
involved in BRAF inhibitors’ resistance (Figure 3D) [94].
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Figure 3. Melanoma/CAFs’ paracrine interconnections. (A–E) In this figure, is illustrated
schematically the mutual interactions between melanoma cells and cancer-associated fibroblasts
(CAFs). Several factors are implicated in these intricate interconnections at the basis of drugs resistance:
Tumor necrosis factor receptor-associated factor 6 (TRAF6), fibroblast growth factor 19 (FGF19),
metalloproteinases 2 and 9 (MMP2 and MMP9), hepatocyte growth factor (HGF), neuregulin 1 (NRG1),
V-erb-b2 avian erythroblastic leukemia viral oncogene homolog3 (ErbB3), transforming growth factor β
(TGF-β), reactive oxygen species (ROS), CXC motif chemokine 5 (CXCL5), programmed death-ligand
1 (PDL-1).

Moreover, paradoxical MAPK activation, induced by BRAF inhibitors in genetically “normal”
stromal cells, promotes a “therapy-resistant” microenvironment: Intravital imaging analyses conducted
in melanoma have shown major paradox MAPK reactivation, especially in areas with high stromal
density. Such activated CAFs, in turn, promoted matrix remodeling and ERK reactivation in melanoma,
through integrin β1/focal adhesion kinase (FAK)/v-src sarcoma (Schmidt–Ruppin A-2) viral oncogene
homolog avian (Src) signaling [95].

Uncontrolled production of reactive oxygen species (ROS) by TME fibroblasts is also associated
with resistance to BRAF-targeted agents in melanoma (Figure 3E). Aging fibroblasts tend to release
high levels of ROS in the TME, thereby modulating MAPK and PI3K pathways’ activation in tumor
cells and promoting cells’ growth and drug resistance [96]. Such phenomenon could potentially be
reversed by treating melanoma cells with antioxidants, thereby restoring drug responsiveness [97].
Along these lines, a recent preclinical study analyzed the role of secreted frizzled-related protein 2
(sFRP2), a wingless type MMTV integration site family member (Wnt) antagonist, in vemurafenib
resistance: The sFRP2, produced and released in the TME by aged fibroblasts, actives a cascade of
events in melanoma cells, ultimately leading to the loss of the redox effector apurinic/apyrimidinic
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endonuclease 1 (APE1). This condition significantly reduces the ability of melanoma cells to overcome
ROS-induced DNA damage. Moreover, sFRP2-mediated inhibition of β-catenin leads to reduced
melanoma response to vemurafenib [97].

It has recently been shown that CAFs are involved in the induction of a protumor
immune microenvironment in many cancer models, favoring tumor growth and pharmacological
resistance [98–100]. CAFs-mediated CXC chemokine ligand CXCL-2 production promotes regulatory
T cells’ (Tregs) growth and recruitment in the tumor stroma [100,101]. Melanoma-associated fibroblasts
also directly influence tumor cells’ ability to adapt and modify the response to immunotherapy.
Experiments conducted on melanoma cell cultures have shown that CAFs release CXC motif chemokine
5 (CXCL5), which, in turn, induces PI3K/ protein kinase B (AKT)-dependent PDL-1 expression and
resistance to immunotherapy in melanoma cells (Figure 3E) [102]. In addition, TGF-β secreted by
CAFs also promotes resistance to PD-1 inhibitors: Transcriptomic and flow cytometric analysis,
conducted on biopsies from 94 melanoma patients at various treatment stages, revealed a subset of
patients characterized by loss of major histocompatibility complex 1 (MCH-I) and disease progression:
Such phenomenon, induced by TGF-β released by CAFs, promotes a microphthalmia-associated
transcription factor (MITF)low/AXLhigh phenotype in melanoma cells, associated with resistance to
MAPK pathway and PD-1 inhibitors [103].

Finally, CAFs’ involvement in drug resistance is not limited to the production of paracrine factors
but is also associated with cell-to-cell contact with cancer cells. Several studies have shown that
fibroblasts create a physical barrier around the tumor mass and directly activate survival pathways
in cancer cells [104–106]. In particular, these interactions are promoted by N-cadherin, expressed by
both melanoma cells and fibroblasts, and are involved in tumor activation of the survival pathway
PI3K/AKT/ BCL2 associated agonist of cell death (BAD) [104].

3.1.2. Lymphocytes

The immuno-microenvironment is characterized by T lymphocytes that recognize antigenic
peptides presented by other components of the immune system [107]. CD4+ T cells act as immune
response “adjuvants” through the secretion of specific cytokines. CD8+ T lymphocytes, on the other
hand, are responsible for direct antigen/tumor cell individuation/elimination and are considered the
most important mediators of tumor immune surveillance [82,108].

Depending on their genetic background, melanoma cells can influence the development of an
immunosuppressive microenvironment. Phosphatase and tensin homolog deleted on chromosome
10 (PTEN), for example, is an important tumor suppressor gene often mutated/deleted in several cancer
types, including melanoma; indeed, PTEN loss is present and concomitant with BRAF mutations
in about 44% of melanomas and is associated with reduced OS [109]. PTEN loss promotes the
formation of TME with low levels of cytotoxic T and natural killer (NK) cells and high concentrations
of immunosuppressive elements, such as myeloid-derived suppressor (MDSCs) Tregs cells [110].
As described in in vitro and in vivo studies, PTEN-null melanoma cells inhibit antitumor activity of T
cells and, consequently, response to immunotherapy. Through its negative regulation of PI3K and
signal transducer and activator of transcription (STAT) 3 pathways, PTEN inhibits the production of
immunosuppressive cytokines, such as interleukins (IL) 6 and 10 and vascular endothelial growth
factor (VEGF). In melanoma, PTEN loss promotes STAT3 activation and, consequently, overproduction
of these cytokines [111]. Moreover, PTEN loss is associated with reduced T cells’ recruitment to the
tumor site and cytotoxic activity [112].

An immunosuppressive TME influences the differentiation of dysfunctional CD8+ T lymphocytes,
i.e., T cells with reduced growth and effectors’ cell recognition capacity and high concentrations of
PD-1 and CTLA-4 receptors. If physiological conditions such as this status are necessary for immune
homeostasis and to avoid self-reactive phenomena, in tumor contexts it may be an escape route that
cancer cells use to evade immune response and promote resistance to immunotherapy [113]. A study
conducted in patients with advanced melanoma demonstrated the presence of a subpopulation of T
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cells with high levels of PD-1 and immunoglobulin and mucin domain-containing molecule 3 (Tim3),
another inhibitory receptor. Tim3 inhibition partially reverted the dysfunctional condition of T cells
and increased their antitumor abilities. These results form the rationale for simultaneous blockade
of PD-1 and Tim3 as a possible therapeutic approach to restore CD8+ T lymphocytes’ functionality
in context of melanoma [114]. The same research group identified an additional inhibitory receptor,
called T cell immunoglobulin (Ig) and immunoreceptor tyrosine-based inhibition motif (ITIM) domain
(TIGIT). Inhibition of this receptor together with PD-1 may counteract dysregulated T cells’ activity in
a manner similar to Tim3 inhibition [115]. Extensive transcriptional profiling of the tumor infiltrate
in 25 melanoma patients recently showed clonal expansion of dysfunctional CD8+ T cell subset.
The authors highlighted the reactivity and differentiation of these cells, which are likely involved in
the regulation of antitumor activity and resistance to immunotherapeutic agents, making them an
attractive target for more targeted and effective immunotherapeutic treatments in melanoma [116].

B lymphocytes are the cells responsible for humoral and acquired immunity. Their main function
is to produce specific antibodies against foreign antigens, but they are also involved in maintenance
of immune memory [117]. In melanoma, tumor-associated B cells (TAB) account for up to 33% of
TME immune cells and are involved in resistance to targeted therapy by promoting angiogenesis and
chronic inflammation. In addition, the presence of B cells in the tumor infiltrate is associated with
increased metastatic capacity of melanoma cells and reduced patients’ OS [118]. Recently, an interesting
study analyzed the cross talk between melanoma cells and TAB and identified specific stimulating
factors involved in the modulation of tumor response to different drugs. Melanoma secretes fibroblast
growth factor 2 (FGF2), which actives B cells through its binding to fibroblast growth factor receptor
3 (FGFR-3) and promotes the release of insulin-like growth factor 1 (IGF-1). This factor, on tumor
cells, induces proliferation and drug resistance. IGF-1, in turn, induces tumor cell proliferation and
drug resistance. High levels of IGF-1 and FGFR-3 have been found in biopsies of melanoma patients
treated with BRAF inhibitors in monotherapy or in combination with MEK inhibitors and IGF-1,
and its receptor (IGF-1R) are associated with resistance to MAPK inhibitors [118]. However, TABs may
have an opposite function in response to immunotherapy in melanoma. Indeed, a particular subtype
of TABs can instead promote melanoma response to ICIs, by promoting the recruitment of CD8+ T
cells in the tumor compartment. The authors observed that the presence of higher concentrations
of these B cells, in pretreated melanoma patients, is associated with a better response to future
immunotherapy treatments [119]. More recently, analysis of metastatic melanoma samples showed
that the co-occurrence of tumor- associated CD8+ T cells and CD20+ B cells is associated with
improved survival [120]. The formation of tertiary lymphoid structures in these CD8+/CD20+ tumors
is associated with a gene signature, which predicts clinical outcomes in melanoma patients treated
with ICIs. Moreover, B cell-rich melanomas displayed increased levels of transcription factor 7 (TCF7)+
naive and/or memory T cells, whereas T cells in tumors without tertiary lymphoid structures had a
dysfunctional molecular phenotype. In another study, it was shown that B cell signatures are enriched
in human melanoma samples from patients who responded to neoadjuvant ICI treatment [121]. B cell
markers were, indeed, the most differentially expressed genes in the tumors of responders versus non
responders [122]. Histological evaluation again highlighted the localization of B cells within tertiary
lymphoid structures, while RNA sequencing demonstrated clonal expansion and unique functional
states of B cells (switched memory B cells) in responder.

NKs are an important subclass of granular lymphocytes, involved in the recognition and elimination
of virus-infected and transformed cells [123,124]. In general, cancer promotes several mechanisms that
destabilize the functionality of NKs, determining immune evasion: (1) Hyperproduction of activating
ligands that paradoxically block NKs’ receptors and (2) release of immunosuppressive factors, such as
TGF-β and prostaglandin E [125]. Moreover, vemurafenib treatment of melanoma cells induces
suppression of NKs activity in vitro, through downregulation of natural killer group 2D (NKG2D) and
DNAX accessory molecule-1 (DNAM-1) activating receptors and simultaneous upregulation of major
histocompatibility complex (MHC) I, which plays an inhibitory effect on NK cells [126].
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Tregs represent a CD4+ T cell’s subpopulation with immunosuppressive properties [127,128].
In different cancer types, including melanoma, Tregs are able to promote immune evasion and cancer
progression and are associated with poor prognosis [129–131]. In an analysis conducted on peripheral
blood mononuclear cells (PBMCs) collected from healthy volunteers, Baumgartner and collaborators
observed that melanoma evades the immune system by activation of Treg cells. Indeed, PBMCs exposed
to melanoma-conditioned medium for a week presented an increase in Tregs’ induction and a major
presence of IL-10 and TGF-β in the supernatant, as compared to the same PBMCs grown in control
medium [132]. In BRAF-mutant melanomas, uncontrolled MAPK activation leads to an increased
production of different ILsand VEGF that influence the activity of the immune system toward a
protumor condition. Sumimoto and collaborators showed that in BRAF-mutant melanomas Tregs are
activated and suppress the antitumor function of T lymphocytes. Moreover, pharmacological blockades
or genetic manipulation of key components of MAPK pathway drastically decrease tumor production
of immunosuppressive cytokines, allowing for the development of an immune microenvironment
favorable to tumor suppression [133].

Regulation of Tregs’ differentiation and function could, therefore, be considered a valid therapeutic
target for many cancers, including melanoma. Tregs are characterized by constitutive upregulation of
PD-1 and CTLA-4 receptors and this condition leads to the hypothesis that Tregs could be the actual
targets of ICI-based immunotherapy [134]. Unfortunately, results obtained in different studies are
conflicting. Indeed, some studies have confirmed the inhibitory action of ICI on Tregs’ functionality,
while others have reported opposite results that could support the hypothesis of an involvement of
ICI-mediated activation of these cells in immune-resistance [135–137]. Analysis conducted on murine
models of autoimmune pancreatitis have partly elucidated the suppressive role of PD-1 on Treg
cells activity. Indeed, mice characterized by PD1-deficient Tregs showed greater immunosuppressive
capacities and rapid development of autoimmune disease [135]. On the basis of these results,
it can be speculated that, physiologically, the PD-1 axis plays an important role in the regulation
of Tregs’ functionality and its inhibition may result in their increased activity. In vitro and in vivo
experiments showed that, after treatments with nivolumab, Tregs proliferate and are functionally
activated, resulting in the inhibition of antitumor activity [137]. Although with somewhat conflicting
results, anti-CTLA-4 therapy would seem to bring more favorable effects on Tregs inhibition.
Melanoma patients treated with ipilimumab showed a reduction in Tregs’ levels and major benefits in
terms of decreased tumor growth and survival [138]. In mice models of melanoma, CTLA-4 blockade
increases the intratumor effector T cells/Tregs ratio, through fragment crystallizable (Fc)-gamma receptor
(FcγR)-dependent mechanism. FcγR is expressed by several immune cells, such as macrophages,
neutrophils and NK cells and, therefore, TME composition may influence the response to CTLA-4
inhibitors. Melanomas presenting low concentrations of macrophages or immune cells deficient for
FcγR tend to respond less to therapy [139].

3.1.3. MDSCs

MDSCs are immature myeloid cells, with immunosuppressive functions, associated to tumor
progression, metastasis, angiogenesis, and drug resistance. Absent or present in small concentrations
in physiological conditions, they are recruited by tumor cells or by inflammatory stimuli and are
responsible for the production of several factors involved in tumor growth and immune evasion,
such as IL-10, TGF-β, and VEGF [140,141]. In melanoma, chronic inflammation promotes MSDCs’
accumulation and activation in TME; thus, these cells are considered a possible therapeutic target
in melanoma treatment [142]. A recent study identified a set of microRNAs (miRNAs) that regulate
the differentiation and polarization of MDSCs in melanoma [143]. The authors found a significant
association between the levels of these circulating miRNAs and reduced PFS and OS for melanoma
patients treated with PD-1 and CTLA-4 inhibitors. This relationship was not reproduced in liquid
biopsies of patients treated with MAPK pathway inhibitors, indicating a possible specific correlation
with resistance to immunotherapy, as opposed to targeted therapy. These data suggest the possibility
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that combined treatments to inhibit myeloid dysfunctions could be able to overcome resistance to ICI
in melanoma [143].

As reported by Gebhardt C. and collaborators, high levels of MDSCs in the TME are associated
with ipilimumab resistance. Analysis of peripheral blood of 59 metastatic melanoma patients showed
increased levels of MDSCs and their chemoattractant factors in patients poorly responsive or resistant
to treatment with the CTLA-4 inhibitor. In addition, MDSCs exhibited a higher production of nitric
oxide and were characterized by a higher expression of PDL-1, as compared to those isolated from
responsive patients [144].

In melanoma, high levels of MDSCs are also associated with resistance to BRAF inhibitors. A recent
preclinical study conducted in BRAF-inhibitor resistant mouse models showed that, after an initial
response to treatment, these mice develop acquired resistance associated to an increase of MDSCs in
TME. MAPK signaling reactivation in BRAF-resistant mice promotes the release of a complex system
of stimulating cytokines, including C-C Motif Chemokine Ligand 2 (CCL2), that attract MDSCs and
suppress the immune response [145].

3.1.4. Tumor-Associated Macrophages (TAMs)

Macrophages are immune cells involved in phagocytosis, pro-inflammatory cytokines’ production,
and specific immunity. The tumor-associated macrophages (TAMs), under the influence of cancer cells
and the other microenvironment components, may be promoters or repressors of the tumorigenic
process [146]. They are divided into two categories. M1-like macrophages (M1-TAMs), with antitumor
activity, are important for the early stages of the inflammatory response. M2-like macrophages
(M2-TAMs), predominant in TME, are correlated with tumor progression [82,147,148]. Different studies
confirmed the key role of TAMs in tumor progression and have highlighted the significant correlation
between the high levels of TAMs in the TME and poor prognosis for the patients [149,150]. In particular,
melanoma cells, releasing miRNA-125b-5p in the microenvironment, inhibit the lysosomal acid lipase
A (LIPA) and promote M2-macrophages’ phenotype and their survival [151].

TAMs induce resistance to MAPK inhibitors by favoring the expression of tumor resistance factors
or through their direct paradoxical activation of the pathway, driven by BRAF inhibitors. In in vivo
melanoma models, MAPK-targeted agents induce tumor necrosis factor α (TNFα) production by
macrophages, which promotes NFkB pathway activation and higher MITF expression. To overcome the
TNFα- and MITF-mediated resistance to MAPK inhibitors, the authors proposed a selective inhibition
of NFkB pathway that, in in vitro and in vivo analyses, synergized with MEK blockade and decreased
the TNFα production [152]. Moreover, TAMs suffer the paradoxical reactivation of the MAPK pathway
under the influence of BRAF inhibitors, with increased production of pro-angiogenic factors, such as
VEGF and IL-8 and resistance to treatments [153].

TAMs express high levels of V-domain Ig suppressor of T cell activation (VISTA), another negative
immune checkpoint, which is correlated with resistance to immunotherapy [154,155]. VISTA,
associated with a significant decrease of survival in primary melanomas, in vivo, promotes a
protumoral microenvironment mediated by upregulation of Tregs’ levels and PDL-1 expression
on macrophages’ surface [155–158].

The switch of TAMs to an antitumor phenotype is considered an alternative approach to evade
TAM-mediated resistance and to reconstitute the response to PD-1 axis inhibitors. TAMs’ transformation
process, mediated by STAT6 inactivation and NFkB phosphorylation, results in an increase of interleukin
12 (IL-12) production by TAMs and a reduction in inhibitory cytokine levels, such as IL-10 and C-C
motif chemokine 22 (CCL22) [159]. TAMs induce immunotherapy resistance also by inhibiting the
recruitment of CD8+ T lymphocytes in the tumor site. Indeed, TAMs, by stable and durable interactions
with T cells, lead to the maintenance of an immunosuppressive microenvironment not responsive to
the inhibitory activity of anti-PD1 molecules [160].
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3.1.5. DCs

DCs are immune cells derived from myeloid precursors and are implicated in recognition and
capture of antigens considered "foreign", such as pathogens or cancer cells. They are antigen presenting
cells (APCs) and interact with T lymphocytes through MHC present on their surface. DCs are involved
in the production of cytokines and chemokines with anti- or pro-inflammatory function according to
the stimuli received from the surrounding environment [161–163].

Unlike other immune cells, the involvement of DC in resistance to targeted and immunotherapy
is mainly associated with the absence in tumor infiltrate of this type of cell. Melanoma is able
to elude the complex mechanism of T cell activation by influencing DCs’ maturation. Tumor cells
produce inhibitory cytokines such as IL-8, IL-10, and VEGF and create an unfavorable environment
for DCs’ maturation. This condition negatively affects the DCs’ ability to present antigen to T
cells and, therefore, determines a reduced immune response [164]. Moreover, López González
and collaborators demonstrated that, if inhibition of glycogen synthase kinase 3 beta (GSK3β)
obstructs DC differentiation, a constitutively active GSK3β overcomes the IL-10 inhibition, leading to
DC maturation [165]. In addition, melanoma promotes the switch of myeloid cells through
immuno-suppressive macrophage-like cells rather than DCs [166]. The use of oncolytic virus
(i.e., ORCA-010) could stimulate a specific differentiation of DCs and T cell priming by producing
tumor-associated neo-antigen in order to increase the response to ICIs [167]. The therapeutic potential
of DC vaccines was, recently, supported in an interesting preclinical work by Zhou and collaborators.
The authors produced in vitro CD103+ murine and evaluated its activity in murine models of melanoma
and osteosarcoma. CD103+ stimulated a favorable environment to the action of T lymphocytes,
resulting in a reduced primary and metastatic tumor growth [168]. Further and recent results have
also been obtained by direct DC targeting with molecular inhibitors. A recent study demonstrated that
dasatinib (TK inhibitor) induces the activation of allogenic T cells by impairing the phosphorylation and
metabolism of tryptophan induced by Indoleamine-2,3-dioxygenase (IDO), one of the most important
intermediary cancer tolerants [169]. In addition, the same RAF kinase inhibitors could induce acquired
resistance by influencing the differentiation and activation of DCs. Preclinical experiments, carried out
on human and mouse DC cells, have detected a reduced or lack of DCs’ ability to recruit T cells after
treatment with RAF kinase inhibitors. These experiments, therefore, open possible new therapeutic
scenarios, not only in melanoma, considering the negative effects of pan-RAF inhibitors on the immune
response modulation [170].

3.2. ECM

ECM is an intricate network of proteins, proteoglycans, and glycoconjugates produced by TME cells
and involved in the adhesion and support of the cellular compartment [171]. In different cancer contexts,
the tumor matrix, creating a physical barrier, blocks drugs and inhibits their action. The mutual
interactions between tumor and stroma cells induce rearrangements of the matrix architecture;
this remodeling promotes tumor progression and modulates response to treatment [81].

Fibronectin, produced by CAFs, represents the major component of ECM and seems to play a
key role in a decrease of sensitivity to therapies in different solid tumors [172,173]. BRAF-mutant and
PTEN-loss melanomas show, after an initial response to treatments, the development of resistance to
BRAF inhibitors mediated by reactivation of MAPK and PI3K pathways. In this molecular background,
drug resistance seems to be mediated also by the protective effect of fibronectin, upregulated by
BRAF inhibition [174]. Phosphoproteomic analysis conducted on BRAF-mutant melanoma cell lines
showed, after treatment with vemurafenib or after BRAF gene silencing, an increased expression of
fibronectin, only in PTEN-loss contexts. This evidence and further experiments conducted in cells
genetically manipulated for PTEN have promoted the idea that regulation of fibronectin expression
is associated with PTEN. Moreover, clinical data confirmed the higher expression of fibronectin in
tissue of melanoma patients with PTEN loss [174]. The interaction between fibronectin and its receptor
integrin α5β1 leads to AKT phosphorylation and decreases the apoptotic capacity of melanoma cells as
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a result of higher activity of induced myeloid leukemia cell differentiation protein 1 (MCL-1). Therefore,
BRAF inhibition promotes a remodeling of melanoma microenvironment, by which the tumor cells
escape to pharmacological blockade. In the molecular contexts analyzed, the study proposed BRAF/PI3K
inhibitor combinations as an alternative to overcome the development of secondary resistance to
BRAF-targeted agents [174].

Integrins are transmembrane receptors that physically regulate the interaction between cells and
the ECM components and promote the development of intracellular signals. To date, 24 receptors
have been identified, consisting of 18 subunits of α and eight of β, and several integrins are associated
with melanoma progression and metastasis [175,176]. Integrin α5β1 is the most important fibronectin
receptor and their interaction modulates several cellular processes, such as adhesion, migration,
and cellular differentiation [173,177]. An interesting work of intravital imaging of BRAF-mutant
melanoma cells showed that, in co-culture systems, the treatment with BRAF inhibitors determines
reactivation of MAPK pathway in areas with high stromal density; this condition is influenced by
matrix remodeling associated to integrin β1/FAK/Src signaling [95]. Under the influence of treatment,
the tumor fibroblasts suffer a paradoxical activation of ERK, resulting in higher fibronectin production
and interaction with its receptor on tumor cells. Integrin α5β1 promotes in melanoma cells the
FAK-mediated ERK reactivation and resistance to BRAF inhibitors [95]. Integrin αvβ3 is another
receptor involved, in melanoma context, in immunotherapy resistance through its regulation of the
PDL-1 expression [178]. In in vitro and in vivo melanoma models, several evidences showed that
integrin αvβ3 promotes the expression of PDL-1 through activation of STAT1 [179].

The matrix remodeling is influenced by a family of metalloproteinases, enzymes involved in
hydrolysis of the other proteins and in mobility of tumor cells. In melanoma, several MMPs are involved
in the different aspects of tumorigenic process, such as drug resistance [180]. Vemurafenib treatment in
melanoma-resistant cells supports the paradoxical reactivation of ERK, a significant increase of IL-8
levels, and activation of MMPs, especially MMP2. This condition promotes the matrix disorganization,
tumor motility, and immune evasion [181].

4. Conclusions

Currently, targeted therapy and immunotherapy represent a consolidated reality for the treatment
of many aggressive tumors, such as metastatic melanoma. However, like previous therapeutic
approaches, they are not exempt from the problem of innate and acquired resistance, which determines
the failure of treatment in an important cohort of patients. Until a few years ago, scientific research was
focused on the genetic and somatic changes by which cancer cells evaded drug inhibition. However,
the new evidences on TME have revealed the existence of an intricate network of interconnections
between the tumor and the surrounding microenvironment that massively influences all phases of
the tumorigenic process. Through direct contact or release of soluble factors, the components of TME
continuously influence tumor cells’ activity modulating the drug response and therapeutic outcome.
For these reasons, the research activities have focused on identifying the mechanisms and phenomena
that TME implements to induce resistance to treatments. Based on the molecular mechanisms described
in this review, it is evident that CAFs play a key role in the development of resistance to targeted
therapy, especially through the production of many paracrine factors. Instead, the recruitment of
immunosuppressive components, such as Tregs and MDSCs, in the TME is the primary mechanism of
resistance to immunotherapy.
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Abbreviations

AKT Protein kinase B
APC Antigen presenting cell
APE1 Apurinic/apyrimidinic endonuclease 1
BAD BCL2 associated agonist of cell death
BRAF v-Raf murine sarcoma viral oncogene homolog B
CAFs Cancer-associated fibroblasts
CAR-T Chimeric antigen receptor T-cells
CCL2 C-C Motif Chemokine Ligand 2
CCL-22 C-C motif chemokine 22
CD Cluster differentiation
CRAF v-raf1 murine leukemia viral oncogene homolog 1
CTL Cytotoxic lymphocytes
CTLA-4 cytotoxic T-lymphocyte-associated protein 4
CXCL-2 CXC chemokine ligand 2
CXCL5 CXC motif chemokine 5
DCs Dendritic cells
DNAM-1 DNAX accessory molecule-1
ECM Extracellular matrix
EMT Epithelial mesenchymal transition
ErbB3 V-erb-b2 avian erythroblastic leukemia viral oncogene homolog3
ERK Extracellular signal-regulated kinase
FAK Focal adhesion kinase
FAP Fibroblast activation protein
FcγR Fragment crystallizable-gamma receptor
FDA Food and Drug Administration
FGF 2-19 Fibroblast growth factor 2-19
FGFR-3 Fibroblast growth factor receptor 3
FSP1 Fibroblast specific protein 1
GSK3β Glycogen synthase kinase 3 beta
Gp Glycoprotein
HER3 V-erb-b2 avian erythroblastic leukemia viral oncogene homolog 3
HGF Hepatocyte growth factor
ICIs Immune checkpoint inhibitors
IDO Indoleamine-2,3-dioxygenase
Ig Immunoglobulin
IGF-1 Insulin-like growth factor 1
IGF-1R Insulin-like growth factor receptor 1
IL Interleukin
ITIM Immunoreceptor tyrosine-based inhibition motif
KIT v-kit Hardy–Zuckerman 4 feline sarcoma viral oncogene homolog
LIPA Lysosomal acid lipase A
MAPK Mitogen-activated protein kinase
MCL-1 Induced myeloid leukemia cell differentiation protein 1
MCH-I Major histocompatibility complex 1
MDSCs Myeloid-derived suppressor cells
MEK Mitogen-activated protein kinase kinase
MET Mesenchymal epithelial transition receptor
MHC Major histocompatibility complex
miRNA microRNA
MITF Microphthalmia-associated transcription factor
MMPs Matrix metalloproteinases
NFkB Nuclear factor kappa-light-chain-enhancer of activated B cells
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NGS Next-generation sequencing
NK Natural killer
NKG2D Natural killer group 2D
NRAS Neuroblastoma RAS viral oncogene homolog
NRG-1 Neuregulin 1
ORR Objective response rate
OS Overall survival
PBMC Peripheral blood mononuclear cells
PD-1 Programmed cell death protein 1
PDGFR Platelet-derived growth factor receptor
PDL-1/2 Programmed death ligands 1/2
PI3K Phosphatidyl Inositol 3-kinase
PFS Progression-free survival
PTEN Phosphatase and tensin homolog on chromosome 10
ROS Reactive oxygen species
RTK Tyrosine kinase receptor
sFRP2 Secreted frizzled-related protein 2
STAT Signal transducer and activator of transcription
SRC V-src sarcoma (Schmidt–Ruppin A-2) viral oncogene homolog avian
TAB Tumor-associated B cells
TAMs Tumor-associated macrophages
TCF7 Transcription factor 7
TGF-β Transforming growth factor β
TIGIT T cell Ig and ITIM domain
TIL Tumor-infiltrating lymphocytes
Tim3 Immunoglobulin and mucin domain-containing molecule 3
TME Tumor microenvironment
TNFα Tumor necrosis factor α
TRAF6 Tumor necrosis factor receptor-associated factor 6
Tregs Regulatory T cells
VEGF Vascular endothelial growth factor
VISTA V-domain Ig suppressor of T cell activation
Wnt wingless type MMTV integration site family member
α-SMA α smooth muscle actin
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127. Kondělková, K.; Vokurková, D.; Krejsek, J.; Borska, L.; Fiala, Z.; Andrys, C. Regulatory T cells (Treg) and
Their Roles in Immune System with Respect to Immunopathological Disorders. Acta Medica (Hradec Kralove,
Czech Republic) 2010, 53, 73–77. [CrossRef]

128. Chaudhary, B.; Elkord, E. Regulatory T Cells in the Tumor Microenvironment and Cancer Progression: Role
and Therapeutic Targeting. Vaccines 2016, 4, 28. [CrossRef]

129. Ascierto, P.A.; Napolitano, M.; Celentano, E.; Simeone, E.; Gentilcore, G.; Daponte, A.; Capone, M.; Caracò, C.;
Calemma, R.; Beneduce, G.; et al. Regulatory T cell frequency in patients with melanoma with different
disease stage and course, and modulating effects of high-dose interferon-α 2b treatment. J. Transl. Med. 2010,
8, 76. [CrossRef]

130. Shang, B.; Liu, Y.; Jiang, S.-J.; Liu, Y. Prognostic value of tumor-infiltrating FoxP3+ regulatory T cells in
cancers: A systematic review and meta-analysis. Sci. Rep. 2015, 5, srep15179. [CrossRef]

131. Leslie, C.; Bowyer, S.E.; White, A.; Grieu-Iacopetta, F.; Trevenen, M.; Iacopetta, B.; Amanuel, B.; Millward, M.
FOXP3+ T regulatory lymphocytes in primary melanoma are associated with BRAF mutation but not with
response to BRAF inhibitor. Pathology 2015, 47, 557–563. [CrossRef]

132. Baumgartner, J.; Wilson, C.; Palmer, B.; Richter, D.; Banerjee, A.; McCarter, M. Melanoma Induces
Immunosuppression by Up-Regulating FOXP3+ Regulatory T Cells. J. Surg. Res. 2007, 141, 72–77.
[CrossRef] [PubMed]

133. Sumimoto, H.; Imabayashi, F.; Iwata, T.; Kawakami, Y. The BRAF–MAPK signaling pathway is essential for
cancer-immune evasion in human melanoma cells. J. Exp. Med. 2006, 203, 1651–1656. [CrossRef] [PubMed]

134. Zappasodi, R.; Budhu, S.; Hellmann, M.D.; Postow, M.A.; Senbabaoglu, Y.; Manne, S.; Gasmi, B.; Liu, C.;
Zhong, H.; Li, Y.; et al. Non-conventional Inhibitory CD4+Foxp3−PD-1hi T Cells as a Biomarker of Immune
Checkpoint Blockade Activity. Cancer Cell 2018, 33, 1017–1032.e7. [CrossRef] [PubMed]

135. Zhang, B.; Chikuma, S.; Hori, S.; Fagarasan, S.; Honjo, T. Nonoverlapping roles of PD-1 and FoxP3 in
maintaining immune tolerance in a novel autoimmune pancreatitis mouse model. Proc. Natl. Acad. Sci. USA
2016, 113, 8490–8495. [CrossRef]

136. Gianchecchi, E.; Fierabracci, A. Inhibitory Receptors and Pathways of Lymphocytes: The Role of PD-1 in
Treg Development and Their Involvement in Autoimmunity Onset and Cancer Progression. Front. Immunol.
2018, 9, 2374. [CrossRef]

137. Kamada, T.; Togashi, Y.; Tay, C.; Ha, D.; Sasaki, A.; Nakamura, Y.; Sato, E.; Fukuoka, S.; Tada, Y.; Tanaka, A.; et al.
PD-1+ regulatory T cells amplified by PD-1 blockade promote hyperprogression of cancer. Proc. Natl. Acad.
Sci. USA 2019, 116, 9999–10008. [CrossRef]

138. Simeone, E.; Gentilcore, G.; Giannarelli, D.; Grimaldi, A.M.; Caracò, C.; Curvietto, M.; Esposito, A.; Paone, M.;
Palla, M.; Cavalcanti, E.; et al. Immunological and biological changes during ipilimumab treatment
and their potential correlation with clinical response and survival in patients with advanced melanoma.
Cancer Immunol. Immunother. 2014, 63, 675–683. [CrossRef]

139. Simpson, T.R.; Li, F.; Montalvo-Ortiz, W.; Sepulveda, M.A.; Bergerhoff, K.; Arce, F.; Roddie, C.; Henry, J.Y.;
Yagita, H.; Wolchok, J.D.; et al. Fc-dependent depletion of tumor-infiltrating regulatory T cells co-defines the
efficacy of anti–CTLA-4 therapy against melanoma. J. Exp. Med. 2013, 210, 1695–1710. [CrossRef]

140. Solito, S.; Marigo, I.; Pinton, L.; Damuzzo, V.; Mandruzzato, S.; Bronte, V. Myeloid-derived suppressor cell
heterogeneity in human cancers. Ann. N. Y. Acad. Sci. 2014, 1319, 47–65. [CrossRef]

141. Gabrilovich, D.I. Myeloid-Derived Suppressor Cells. Cancer Immunol. Res. 2017, 5, 3–8. [CrossRef]
142. Umansky, V.; Sevko, A.; Gebhardt, C.; Utikal, J. Myeloid-derived suppressor cells in malignant melanoma.

J. Dtsch. Dermatol. Ges. 2014, 12, 1021–1027. [CrossRef] [PubMed]
143. Huber, V.; Vallacchi, V.; Fleming, V.; Hu, X.; Cova, A.; Dugo, M.; Shahaj, E.; Sulsenti, R.; Vergani, E.;

Filipazzi, P.; et al. Tumor-derived microRNAs induce myeloid suppressor cells and predict immunotherapy
resistance in melanoma. J. Clin. Investig. 2018, 128, 5505–5516. [CrossRef] [PubMed]

287



Cancers 2020, 12, 2870

144. Gebhardt, C.; Sevko, A.; Jiang, H.; Lichtenberger, R.; Reith, M.; Tarnanidis, K.; Holland-Letz, T.; Umansky, L.;
Beckhove, P.; Sucker, A.; et al. Myeloid Cells and Related Chronic Inflammatory Factors as Novel Predictive
Markers in Melanoma Treatment with Ipilimumab. Clin. Cancer Res. 2015, 21, 5453–5459. [CrossRef]
[PubMed]

145. Steinberg, S.M.; Shabaneh, T.B.; Zhang, P.; Martyanov, V.; Li, Z.; Malik, B.T.; Wood, T.A.; Boni, A.;
Molodtsov, A.; Angeles, C.V.; et al. Myeloid Cells That Impair Immunotherapy Are Restored in Melanomas
with Acquired Resistance to BRAF Inhibitors. Cancer Res. 2017, 77, 1599–1610. [CrossRef] [PubMed]

146. Yuan, A.; Chen, J.J.; Yang, P. Pathophysiology of Tumor-Associated Macrophages. Adv. Clin. Chem. 2008, 45,
199–223. [CrossRef]

147. Yahaya, M.A.F.; Lila, M.A.M.; Ismail, S.; Zainol, M.; Afizan, N.A.R.N.M. Tumour-Associated Macrophages
(TAMs) in Colon Cancer and How to Reeducate Them. J. Immunol. Res. 2019, 2019, 1–9. [CrossRef]

148. Donzelli, S.; Milano, E.; Pruszko, M.; Sacconi, A.; Masciarelli, S.; Iosue, I.; Melucci, E.; Gallo, E.;
Terrenato, I.; Mottolese, M.; et al. Expression of ID4 protein in breast cancer cells induces reprogramming of
tumour-associated macrophages. Breast Cancer Res. 2018, 20, 59. [CrossRef]

149. Liu, H.; Yang, L.; Qi, M.; Zhang, J. NFAT1 enhances the effects of tumor-associated macrophages on promoting
malignant melanoma growth and metastasis. Biosci. Rep. 2018, 38, 38. [CrossRef]

150. Wanderley, C.W.; Colón, D.; Luiz, J.P.M.; Oliveira, F.F.; Viacava, P.R.; A Leite, C.; A Pereira, J.; Silva, C.M.;
Silva, C.R.; Silva, R.L.; et al. Paclitaxel reduces tumor growth by reprogramming tumor-associated
macrophages to an M1- profile in a TLR4-dependent manner. Cancer Res. 2018, 78, 5891–5900. [CrossRef]

151. Gerloff, D.; Lützkendorf, J.; Moritz, R.K.; Wersig, T.; Mäder, K.; Müller, L.P.; Sunderkötter, C.
Melanoma-Derived Exosomal miR-125b-5p Educates Tumor Associated Macrophages (TAMs) by Targeting
Lysosomal Acid Lipase A (LIPA). Cancers 2020, 12, 464. [CrossRef]

152. Smith, M.P.; Sanchez-Laorden, B.; O’Brien, K.; Brunton, H.; Ferguson, J.; Young, H.L.; Dhomen, N.;
Flaherty, K.T.; Frederick, D.T.; Cooper, Z.A.; et al. The immune microenvironment confers resistance to
MAPK pathway inhibitors through macrophage-derived TNFα. Cancer Discov. 2014, 4, 1214–1229. [CrossRef]
[PubMed]

153. Wang, T.; Xiao, M.; Ge, Y.; Krepler, C.; Belser, E.; Coral, A.L.; Xu, X.; Zhang, G.; Azuma, R.; Liu, Q.; et al.
BRAF Inhibition Stimulates Melanoma-Associated Macrophages to Drive Tumor Growth. Clin. Cancer Res.
2015, 21, 1652–1664. [CrossRef] [PubMed]

154. Gordon, S.R.; Maute, R.L.; Dulken, B.W.; Hutter, G.; George, B.M.; McCracken, M.N.; Gupta, R.; Tsai, J.M.;
Sinha, R.; Corey, D.; et al. PD-1 expression by tumour-associated macrophages inhibits phagocytosis and
tumour immunity. Nat. Cell Biol. 2017, 545, 495–499. [CrossRef] [PubMed]

155. Kuklinski, L.F.; Yan, S.; Li, Z.; Fisher, J.L.; Cheng, C.; Noelle, R.J.; Angeles, C.V.; Turk, M.J.; Ernstoff, M.S.
VISTA expression on tumor-infiltrating inflammatory cells in primary cutaneous melanoma correlates with
poor disease-specific survival. Cancer Immunol. Immunother. 2018, 67, 1113–1121. [CrossRef]

156. Lines, J.L.; Sempere, L.F.; Wang, L.; Pantazi, E.; Mak, J.; O’Connell, S.; Ceeraz, S.; Suriawinata, A.A.; Yan, S.;
Ernstoff, M.S.; et al. VISTA is an immune checkpoint molecule for human T cells. Cancer Res. 2014, 74,
1924–1932. [CrossRef]

157. Kakavand, H.; A Jackett, L.; Menzies, A.M.; Gide, T.N.; Carlino, M.S.; Saw, R.P.M.; Thompson, J.F.; Wilmott, J.S.;
Long, G.V.; Scolyer, R.A. Negative immune checkpoint regulation by VISTA: A mechanism of acquired
resistance to anti-PD-1 therapy in metastatic melanoma patients. Mod. Pathol. 2017, 30, 1666–1676. [CrossRef]

158. Rosenbaum, S.R.; Knecht, M.; Mollaee, M.; Zhong, Z.; Erkes, D.A.; McCue, P.A.; Chervoneva, I.; Berger, A.C.;
Lo, J.A.; Fisher, D.E.; et al. FOXD3 Regulates VISTA Expression in Melanoma. Cell Rep. 2020, 30, 510–524.e6.
[CrossRef]

159. Zhang, Y.; Wu, L.; Li, Z.; Zhang, W.; Luo, F.; Chu, Y.; Chen, G. Glycocalyx-Mimicking Nanoparticles Improve
Anti-PD-L1 Cancer Immunotherapy through Reversion of Tumor-Associated Macrophages. Biomacromolecules
2018, 19, 2098–2108. [CrossRef]

160. Peranzoni, E.; Lemoine, J.; Vimeux, L.; Feuillet, V.; Barrin, S.; Kantari-Mimoun, C.; Bercovici, N.; Guérin, M.;
Biton, J.; Ouakrim, H.; et al. Macrophages impede CD8 T cells from reaching tumor cells and limit the
efficacy of anti–PD-1 treatment. Proc. Natl. Acad. Sci. USA 2018, 115, E4041–E4050. [CrossRef]

288



Cancers 2020, 12, 2870

161. Klarquist, J.S.; Janssen, E.M. Melanoma-infiltrating dendritic cells. OncoImmunology 2012, 1, 1584–1593.
[CrossRef]

162. Álvarez-Domínguez, C.; Calderón-González, R.; Terán-Navarro, H.; Salcines-Cuevas, D.; García-Castaño, A.;
Freire, J.; Gómez-Román, J.; Rivera, F. Dendritic cell therapy in melanoma. Ann. Transl. Med. 2017, 5, 386.
[CrossRef] [PubMed]

163. Wu, L.; Dakic, A. Development of dendritic cell system. Cell. Mol. Immunol. 2004, 1, 112–118. [PubMed]
164. Passarelli, A.; Mannavola, F.; Stucci, L.S.; Tucci, M.; Silvestris, F. Immune system and melanoma biology:

A balance between immunosurveillance and immune escape. Oncotarget 2017, 8, 106132–106142. [CrossRef]
[PubMed]

165. González, M.L.; Oosterhoff, D.; Lindenberg, J.J.; Milenova, I.; Lougheed, S.M.; Martiáñez, T.; Dekker, H.;
Quixabeira, D.C.A.; Hangalapura, B.; Joore, J.; et al. Constitutively active GSK3β as a means to bolster
dendritic cell functionality in the face of tumour-mediated immune suppression. OncoImmunology 2019,
8, e1631119-18. [CrossRef]

166. Van De Ven, R.; Lindenberg, J.J.; Oosterhoff, D.; De Gruijl, T.D. Dendritic Cell Plasticity in Tumor-Conditioned
Skin: CD14+ Cells at the Cross-Roads of Immune Activation and Suppression. Front. Immunol. 2013, 4, 403.
[CrossRef]

167. González, M.L.; Van De Ven, R.; De Haan, H.; Sluijs, J.V.E.V.D.; Dong, W.; Van Beusechem, V.W.; De Gruijl, T.D.
Oncolytic adenovirus ORCA-010 increases the type 1 T cell stimulatory capacity of melanoma-conditioned
dendritic cells. Clin. Exp. Immunol. 2020, 201, 145–160. [CrossRef]

168. Zhou, Y.; Slone, N.; Chrisikos, T.T.; Kyrysyuk, O.; Babcock, R.L.; Medik, Y.B.; Li, H.S.; Kleinerman, E.S.;
Watowich, S.S. Vaccine efficacy against primary and metastatic cancer with in vitro-generated
CD103+conventional dendritic cells. J. Immunother. Cancer 2020, 8, e000474. [CrossRef]

169. Chu, C.-L.; Lee, Y.-P.; Pang, C.-Y.; Lin, H.-R.; Chen, C.-S.; Wen-Sheng, W. Tyrosine kinase inhibitors modulate
dendritic cell activity via confining c-Kit signaling and tryptophan metabolism. Int. Immunopharmacol. 2020,
82, 106357. [CrossRef]

170. Riegel, K.; Schlöder, J.; Sobczak, M.; Jonuleit, H.; Thiede, B.; Schild, H.; Rajalingam, K. RAF kinases are
stabilized and required for dendritic cell differentiation and function. Cell Death Differ. 2019, 27, 1300–1315.
[CrossRef]

171. Botti, G.; Cerrone, M.; Scognamiglio, G.; Anniciello, A.; Ascierto, P.A.; Cantile, M. Microenvironment
and tumor progression of melanoma: New therapeutic prospectives. J. Immunotoxicol. 2012, 10, 235–252.
[CrossRef]

172. You, D.; Jung, S.P.; Jeong, Y.; Bae, S.Y.; Lee, J.E.; Kim, S. Fibronectin expression is upregulated by PI-3K/Akt
activation in tamoxifen-resistant breast cancer cells. BMB Rep. 2017, 50, 615–620. [CrossRef] [PubMed]

173. Erdogan, B.; Ao, M.; White, L.M.; Means, A.L.; Brewer, B.M.; Yang, L.; Washington, M.K.; Shi, C.; Franco, O.E.;
Weaver, A.M.; et al. Cancer-associated fibroblasts promote directional cancer cell migration by aligning
fibronectin. J. Cell Biol. 2017, 216, 3799–3816. [CrossRef] [PubMed]

174. Fedorenko, I.V.; Abel, E.V.; Koomen, J.M.; Fang, B.; Wood, E.R.; Chen, Y.A.; Fisher, K.J.; Iyengar, S.;
Dahlman, K.B.; Wargo, J.A.; et al. Fibronectin induction abrogates the BRAF inhibitor response of BRAF
V600E/PTEN-null melanoma cells. Oncogene 2015, 35, 1225–1235. [CrossRef] [PubMed]

175. Takada, Y.; Ye, X.; Simon, S. The integrins. Genome Biol. 2007, 8, 1–9. [CrossRef]
176. Huang, R.; Rofstad, E.K. Integrins as therapeutic targets in the organ-specific metastasis of human malignant

melanoma. J. Exp. Clin. Cancer Res. 2018, 37, 92. [CrossRef]
177. Jang, I.; Beningo, K.A. Integrins, CAFs and Mechanical Forces in the Progression of Cancer. Cancers 2019,

11, 721. [CrossRef]
178. Felding-Habermann, B.; Ruggeri, Z.M.; A Cheresh, D. Distinct biological consequences of integrin alpha v

beta 3-mediated melanoma cell adhesion to fibrinogen and its plasmic fragments. J. Biol. Chem. 1992, 267,
5070–5077.

179. Vannini, A.; Leoni, V.; Barboni, C.; Sanapo, M.; Zaghini, A.; Malatesta, P.; Campadelli-Fiume, G.; Gianni, T.
αvβ3-integrin regulates PD-L1 expression and is involved in cancer immune evasion. Proc. Natl. Acad.
Sci. USA 2019, 116, 20141–20150. [CrossRef]

289



Cancers 2020, 12, 2870

180. Hofmann, U.B.; Westphal, J.R.; Van Muijen, G.N.; Ruiter, D.J. Matrix Metalloproteinases in Human Melanoma.
J. Investig. Dermatol. 2000, 115, 337–344. [CrossRef]

181. Sandri, S.; Faião-Flores, F.; Tiago, M.; Pennacchi, P.C.; Massaro, R.R.; Alves-Fernandes, D.K.; Berardinelli, G.N.;
Evangelista, A.F.; Vazquez, V.D.L.; Reis, R.M.; et al. Vemurafenib resistance increases melanoma invasiveness
and modulates the tumor microenvironment by MMP-2 upregulation. Pharmacol. Res. 2016, 111, 523–533.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

290



cancers

Review

Oncogenic Tyrosine Phosphatases: Novel Therapeutic
Targets for Melanoma Treatment

Elisa Pardella 1,† , Erica Pranzini 1,†, Angela Leo 1, Maria Letizia Taddei 2 , Paolo Paoli 1,* and
Giovanni Raugei 1

1 Department of Experimental and Clinical Biomedical Sciences “Mario Serio” University of Florence,
Viale Morgagni 50, 50134 Florence, Italy; elisa.pardella@student.unisi.it (E.P.); erica.pranzini@unifi.it (E.P.);
angela.leo@student.unisi.it (A.L.); giovanni.raugei@unifi.it (G.R.)

2 Department of Experimental and Clinical Medicine, University of Florence, Viale Morgagni 50,
50134 Florence, Italy; marialetizia.taddei@unifi.it

* Correspondence: paolo.paoli@unifi.it; Tel.: +39-055-275-1248
† These authors equally contributed to the work.

Received: 28 August 2020; Accepted: 28 September 2020; Published: 29 September 2020
����������
�������

Simple Summary: Targeting oncogenic protein tyrosine phosphatases (PTPs) with specific pharmacological
approaches has been considered for a long time a hard challenge, earning these PTPs the reputation
of “undruggable” enzymes. Nevertheless, PTPs have been recognized as main targets for several
diseases, including cancer, and great efforts have been made to identify novel PTPs inhibitors to fight
cancer progression and metastasis formation. Here, we summarize recent evidence underlining the
efficacy of this strategy for melanoma treatment. In particular, we illustrate how this approach could
be applied to target both cancer cells and the immune infiltrate of tumors, providing a new promising
adjuvant therapy for the treatment of melanoma.

Abstract: Despite a large number of therapeutic options available, malignant melanoma remains
a highly fatal disease, especially in its metastatic forms. The oncogenic role of protein tyrosine
phosphatases (PTPs) is becoming increasingly clear, paving the way for novel antitumor treatments
based on their inhibition. In this review, we present the oncogenic PTPs contributing to melanoma
progression and we provide, where available, a description of new inhibitory strategies designed
against these enzymes and possibly useful in melanoma treatment. Considering the relevance of
the immune infiltrate in supporting melanoma progression, we also focus on the role of PTPs in
modulating immune cell activity, identifying interesting therapeutic options that may support the
currently applied immunomodulating approaches. Collectively, this information highlights the value
of going further in the development of new strategies targeting oncogenic PTPs to improve the
efficacy of melanoma treatment.

Keywords: melanoma; protein tyrosine phosphatase; PTPs inhibitors; melanoma immune infiltrate

1. Introduction

Reversible tyrosine phosphorylation is one of the most important post-translational modifications,
which regulates key aspects of cellular biology, such as protein stability, protein–protein interactions,
and enzyme activity [1], thereby modulating the functionality of fundamental elements involved in
signaling transduction of mammalian cells [2]. The intracellular tyrosine phosphorylation level is
maintained by a strict balance between the activities of protein tyrosine kinases (PTKs) and protein
tyrosine phosphatases (PTPs), which catalyze respectively the addition or the removal of phosphate
from tyrosyl residues of their substrates [3]. An imbalance in this regulation is a well-recognized
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feature of several diseases, including cancer, since it induces alterations in cell growth and survival,
cell migration, and tissue differentiation [4,5]. While the role of PTKs as oncogenic proteins has been
largely described, allowing the development of a wide range of inhibitors already accepted in clinical
use [6,7], an effective strategy to modulate PTPs for cancer therapy has yet to be identified [8].

PTPs are a large family of proteins consisting of 107 members that can be classified into four
families (class I, II, III, and IV) according to the amino acid sequence at the catalytic domains [9].
Originally, PTPs were described to exclusively have a role as tumor suppressors, counteracting the
activity of PTKs. However, further studies brought to light that some PTPs can also function as
oncogenes depending on the availability of their functional partners and tumor type [5]. Such flexibility
in functions can be explained considering that, differently from PTKs, PTPs can act both as negative
and positive regulators of signal transduction pathways and can either activate or inhibit the oncogenic
role of PTKs. Indeed, PTPs can exert their function by directly dephosphorylating PTKs, or, indirectly,
by interfering with their downstream targets [10].

Starting from these bases, a deeper understanding of the dual role of PTPs in affecting tumor
progression could lead to the development of new therapeutic strategies aimed at targeting different
classes of tumors [11].

Despite the increasing evidence demonstrating the contribution of oncogenic PTPs in supporting
tumor progression, the number of inhibitors available to date is still extremely limited. Primarily,
this is due to the fact that PTPs have been considered for a long time as “undruggable targets”,
delaying the design of pharmacological inhibitors [12–14]. In particular, the nature of PTP active sites
represents a big challenge for the development of specific inhibitors active inside the cells [14,15].
First of all, in order to target the highly positively charged PTP active site, it would be necessary to
develop negatively charged molecules, a characteristic that unfortunately strongly limits their cell
permeability and bioavailability. However, promising prospects have come from the recent discovery
of nonhydrolyzable, polar, and cell-permeable pTyr mimetics that gave a new chance to overcome
these problems [12]. Moreover, designing specific PTP inhibitors is further complicated by the excellent
conservation of the amino acid sequence inside the active site among PTPs [13]. Remarkably, although
crystal structures of different members of the class-I PTPs revealed a common Cα-backbone signature,
the surfaces around the PTPs’ catalytic site are characterized by distinct properties, including different
topology, electrostatic potential, and lipophilic features, that can be addressed when designing novel
selective inhibitors [16–19]. Furthermore, the identification of allosteric inhibitors is crucial to avoid
targeting of the charged and conserved PTP active site, allowing the development of cell-permeable
and selective compounds [20–22]. Another central obstacle is the presence of a shallow pocket at the
PTPs’ catalytic site. This issue could be solved by proposing bidentate inhibitors, targeting both the
active site and proximal non-conserved binding sites that are present in most of the PTPs [23,24].

Finally, another major challenge that has emerged during the screening of PTP inhibitors is the
susceptibility of these enzymes to radical oxygen species (ROS), a phenomenon that in the past has
often led to erroneous conclusions during investigations about possible inhibitors. Indeed, it is known
that several anticancer drugs increase ROS production through redox cycling or the inhibition of ROS
scavenger enzymes [25]. In analogy to other cysteine-based enzymes, the activity of PTPs is highly
susceptible to oxidation of catalytic cysteine residues, which leads to the complete inactivation of these
enzymes [26]. This evidence highlighted that, in order to avoid an erroneous interpretation of the
mechanism of action of PTP inhibitors, their ability to generate ROS should always be evaluated both
in vitro and in vivo. As far as this topic is concerned, the studies conducted in the past to analyze the
mechanism of action of different types of cysteine protease inhibitors could be kept in mind as pivotal
examples [27–29].

Noteworthy, some of the PTPs recognized to have oncogenic properties have been found to be
overexpressed in highly metastatic melanoma [30–35], providing the opportunity to develop new
strategies to fight this disease.
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Malignant melanoma is an aggressive form of cutaneous neoplasia that derives from a series of
alterations occurring in melanocytes, the melanin-producing cells resident in the basal layer of the
epidermidis [36]. Melanoma retains the highest mortality rate among skin cancers and the highest
potential of dissemination [37]. The majority of melanoma patients develop the cutaneous form of
the disease, while non-cutaneous melanomas (which include tumors of the ocular and mucosal sites,
such as anorectal, vaginal, nasal, and gastrointestinal tract) are relatively rare [38]. Both classes of
melanoma are considered as a multi-factorial disease, whose pathogenesis is affected by environmental
and genetic factors. However, the differential incidence of genetic alterations among melanoma
subtypes and the unequal exposure to UV radiation, according to the anatomic site, strongly influence
the molecular pathways involved in tumorigenesis, ultimately leading to the need for specific therapies
against the different subtypes [39].

Data published in the Cancer Genome Atlas (TCGA) Network classify cutaneous melanomas
into four genetic subgroups on the basis of the most frequently mutated genes involved in the
mitogen-activated protein kinase (MAPK) pathway: BRAF, RAS (N-H-K), NF1, and triple wild-type
(WT) melanomas [40,41]. Mutations in BRAF and NRAS are most commonly detected in primary
cutaneous melanomas [42]. In particular, BRAF is mutated in about 50% of cutaneous melanomas,
and among these, in 80–90% of the cases, the missense activating mutation V600E is present. Besides,
NRAS mutations occur in about 20–25% of melanomas [43,44]. Following BRAF and NRAS, NF1 is
the third gene most commonly mutated in cutaneous melanoma (in about 17% of the cases) and
frequently co-occurs with mutations in the RASA2 gene [41,45,46]. NF1 mostly displays point
mutations, which determine a loss of function with consequent constitutive activation of the MAPK
and phosphoinositide 3-kinase (PI3K) pathways [47]. Interestingly, all these mutations finally result
in a constitutive activation of MAPK/ERK signaling, which indeed is present in 98% of melanomas,
promoting cellular proliferation, survival, and angiogenesis [48,49]. Finally, the loss of function of
PTEN is observed in about 10–35% of cutaneous melanomas, where it confers resistance to BRAF
inhibitors. This mutation results in a constitutive activation of the PI3K/AKT pathways, which, in turn,
leads to cell growth and proliferation and to the inhibition of apoptosis [50].

Conversely, non-cutaneous melanomas have significantly lower numbers of mutations: Acral
melanomas have, in about 15–20% of the cases, mutations in BRAF, NRAS, and KIT [51]; mucosal
melanomas display KIT mutations in about 15% of the cases (primarily in genitourinary or anal forms)
but rarely present mutations in BRAF and NRAS [52]; and uveal melanomas have distinct genomic
patterns, presenting mutations either in GNAQ or GNA11 in > 90% of the cases while BAP1, SF3B1,
and EIFAX are distinct subsets [53–55].

The involvement of protumoral PTPs in the oncogenic signaling pathways that characterize malignant
melanoma may pave the way for new possible combination therapies based on pharmacological inhibition
of oncogenic PTPs. Indeed, this approach could provide longer lasting therapeutic benefits through
the inhibition of multiple nodes in the main oncogenic signaling pathways. In agreement with
this hypothesis, Prahallad and co-authors found that the suppression of Src homology region 2
domain-containing phosphatase-2 (SHP-2) in BRAF mutant and in Vemurafenib-sensitive melanoma
cells inhibits growth factor-induced drug resistance and delays the onset of spontaneous resistance [56].
Moreover, they identified the activating phosphorylation site on Tyr542 of SHP-2 as a valid biomarker to
recognize patients with melanoma who have acquired Vemurafenib resistance due to receptor tyrosine
kinases (RTKs) activation [56]. Moreover, due to the central role of SHP-2 in mutant KRAS-driven
carcinogenesis, it has been demonstrated that the synergic inhibition of SHP-2 and MAPK/ERK kinase
(MEK) results in decreased tumor growth in xenograft models of pancreatic ductal adenocarcinoma
and non-small cell lung cancer, sustaining the utility of the dual SHP-2/MEK inhibition in KRAS
mutant cancers [57].

The overall survival of patients diagnosed with advanced melanoma has strongly increased over
recent years, thanks to the latest development of therapeutic strategies [58]. However, recurrence
frequently occurs due to therapy failure leading to metastasis formation, representing the main cause of
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patient death [59]. For this reason, many efforts have been made to design new therapeutic approaches
aimed at targeting the most aggressive stages of melanoma [60].

The data presented above underline that even if the PTP inhibitors available to date show only a
mild effect on cell proliferation, future efforts could be made to use these compounds in combination
with other pathway-targeted drugs to fight melanoma progression.

In this review, we will present a detailed overview of PTPs reported, up to date, to function as
oncogenes in melanoma, either facilitating tumor progression or dampening the immune response.
This information lays the foundation for the design of new therapeutic strategies specifically directed
against oncogenic PTPs in melanoma [61].

2. Oncogenic Protein Tyrosine Phosphatases in Melanoma

Among the 107 known PTPs, several of them have been identified to have an oncogenic role in
different types of cancers [10]. Interestingly, recent evidence highlights their importance in supporting
melanoma progression, as discussed in the following sections.

2.1. Cell Division Cycle 25 Proteins (CDC25s)

CDC25s are a family of dual-specificity phosphatases (DSPs), known to act as key regulators
of cell cycle progression and DNA damage handling, through the activation of cyclin-dependent
kinase (CDK) complexes. CDC25s remove inhibitory phosphates from both threonine and tyrosine
residues present on the phosphate-binding loop of CDKs [62]. Their inactivation or degradation leads
to cell cycle arrest [63,64]. Hence, it is not surprising that CDC25 deregulation may lead to genomic
instability and cancer transformation [64]. In humans, there are three distinct CDC25 genes (CDC25A,
B, and C), which specifically dephosphorylate and activate various targets [63]. All the three isoforms
are involved in tumorigenesis, even if with varying extent. Specifically, the overexpression of either
CDC25A and/or CDC25B has been observed in multiple tumor types, including melanoma, where it
is frequently associated with a more aggressive and metastatic phenotype [32,62,65–67]. By contrast,
the role of CDC25C seems to be less important for tumorigenesis [68–70]. Interestingly, Kaplan–Meier
curves of melanoma patients confirm the correlation between the higher expression of all the three
isoforms and a worse clinical outcome [71–74].

Considering the importance of CDC25s in facilitating cell cycle progression and cell proliferation,
these proteins are potentially very interesting targets for melanoma treatment. Determination of the
crystal structures of the catalytic domain of CDC25A (PDB: 1C25) [75] and CDC25B (PDB: 1QB0) [76],
alongside recent progression in bioinformatic approaches, facilitated the identification of numerous
compounds with inhibitory effects on these enzymes [61].

In particular, as far as melanoma is concerned, triptolide (TPL), a diterpene triepoxide natural
compound, has been demonstrated to be active in different cancers and, specifically, on the A375.S2
melanoma cell line. Treatment with this compound induces cyclin A and CDC25A inhibition, thereby
causing arrest of the cell cycle in S phase. In addition, the exposure of A375.S2 melanoma cells to TPL
leads to apoptosis through caspase-8, -9, and -3 activation [77]. Moreover, cantharidin (CTD), another
natural compound that shares many characteristics with TPL, shows a similar ability to inhibit cyclin
A and CDC25A in the A375.S2 melanoma cell line [78].

Noteworthy, Capasso and co-workers, using both experimental and bioinformatic methods,
developed several quinonoid derivatives, acting as CDC25 irreversible inhibitors [63]. The mechanism
of action of these compounds involves electrophilic modification or ROS-induced oxidation [79,80]
of the catalytic cysteine residue in the PTP active site [81,82]. Among the molecules selected with
this strategy, nine were identified with Ki values in the range of micro- and nano-molar and one of
them (referred to as “compound 7”) showed efficacy on melanoma cells (A2058 and SAN), arresting
their proliferation in G2/M phase and inducing a strong antiproliferative effect [63]. In the same paper,
the authors also assessed that treatment with compound 7 stimulates the intrinsic apoptosis pathway
in a caspase-dependent manner and leads to a reduction of the CDC25C protein level (and, at a
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lower extent, of CDC25A) [63]. However, the mechanism of action of these quinonoid-based agents
may cause many different unrelated events, due to ROS reaction with other phosphatases and with
unrelated enzymes. These possibilities represent a serious limit to their therapeutic applications, due to
the potential toxicity.

In order to circumvent this issue, more recently, Cerchia and co-authors performed a screening of
different classes of molecules, starting from the lead inhibitor NSC28620. This approach allowed them
to identify naphthylphenylketone and naphthylphenylamine derivatives, acting as CDC25 inhibitors
in two aggressive human melanoma cell lines, namely A2058 and A375. In contrast with quinonoid
derivatives, these compounds reversibly inhibit the enzymes (in particular, the CDC25B isoform)
without generating ROS. Altogether, these characteristics make these inhibitors more interesting
for possible anticancer therapy. In agreement, the reported results indicate that the treatment with
these compounds affects cell cycle progression, with increased G2/M phase and reduced G0/G1
phase accumulation, by causing an increase in the phosphorylated form of cyclin-dependent kinase 1
(CDK1) [83] (Figure 1).

Figure 1. Effects of Cell Division Cycle 25 Proteins (CDC25s) targeting on melanoma cells. CDC25
phosphatases act as key regulators of the cell cycle, dephosphorylating cyclin-dependent kinases
(CDK1, CDK2, CDK4, and CDK6) and cyclins (cyclin D, B, A, and E complexes). Several quinonoid
derivatives, naphthylphenylketones and naphthylphenylamine derivatives, act as CDC25 inhibitors,
arrest cells in the G0/G1 and G2/M phases of the cell cycle, and significantly inhibit the proliferation
and colony formation ability of melanoma cells.

It should be underlined that the inhibitors so far cited are not closely specific for CDC25s and the
question on their toxicity still remains open. Indeed, all the presented experiments, although showing
clear cut results, are limited to in vitro melanoma models. More efforts are needed to confirm the
efficacy of these new compounds as tools for melanoma treatment.

2.2. Low-Molecular-Weight Protein Tyrosine Phosphatase (LMW-PTP)

LMW-PTP belongs to the non-transmembrane PTPs sub-family and consists of 157 amino acids [84].
Two isoforms, generated by alternative splicing of a single gene and characterized by different activities
and substrate specificities, have been found in mammalian cells [85].

Previous studies revealed that this enzyme displays a wide number of substrates, including the
platelet derived growth factor (PDGF) receptor [86], insulin receptor [87], Ephrin A2 (EphA2) [88,89],
and several non-receptor proteins, such as proto-oncogene tyrosine-protein kinase Src (Src) [90],
focal adhesion kinase (FAK) [91], caveolin [92], signal transducer and activator of transcription 5
(STAT5) [93], β-catenin [94], and p190RhoGAP [95], thereby modulating key signaling pathways
involved in tumor growth, differentiation, migration, and invasion [85,89]. In this context, it is not
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surprising that LMW-PTP has been found to be overexpressed in several types of human [96] and rat
tumors [97], where it promotes an aggressive and malignant phenotype [98–100].

Recently, it has been demonstrated that LMW-PTP is overexpressed in melanoma cells, contributing
to the regulation of cancer cell sensitivity toward chemo- and radiotherapy. Interestingly, it has been
highlighted that the treatment of melanoma cells with morin, a non-toxic natural LMW-PTP inhibitor,
is able to increase the sensitivity of tumor cells toward both dacarbazine and radiotherapy [31].
Coherently, data reported in The Human Protein Atlas database show that in melanoma patients,
unfavorable prognosis is associated with high LMW-PTP expression levels, thereby confirming the
role of this enzyme in regulating the in vivo survival and proliferation rate of melanoma cells [71,101].
Collectively, these findings suggest that LMW-PTP could be an interesting target to improve the
effectiveness of anticancer treatment for melanoma patients that are naturally refractory to the therapies.

2.3. FAS-Associated Phosphatase 1 (FAP-1)

FAP-1 (or PTPN13/PTP-BAS) is a protein tyrosine phosphatase that interacts with the cytosolic
portion of the Fas cell surface death receptor (FAS), whose activation leads to cell apoptosis.

FAP-1 interaction negatively regulates FAS-initiated apoptosis, preventing FAS export from the
cytoplasm to the cell surface [102]. Other reported FAP-1 binding partners include the nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor, α (IκBα), the Rho GTPase activated protein
1 (RhoGAP1), Ephrin B1, and the transient receptor potential cation channel M2 (TRPM2). In particular,
IκBα is a putative FAP-1 substrate, being the only FAP-1-binding protein that is also dephosphorylated
by this phosphatase [103].

Since FAP-1 negatively regulates FAS-initiated cell apoptosis, it has been suggested to positively
affect tumor progression. Accordingly, FAP-1 has been reported to inhibit FAS-mediated apoptosis
in pancreatic adenocarcinoma [104,105] and melanoma [106]. Interestingly, human melanoma cells
silenced for FAP-1 show increased surface FAS expression and respond to recombinant FAS ligand
(FasL) treatment by the induction of apoptosis [106]. Contrary to the possibility of blocking FAP-1 for
the treatment of melanoma, there is also evidence that FAP-1 can act as a tumor suppressor in some
cancer types. For example, reduced PTPN13 mRNA expression due to promoter hypermethylation
or allelic loss has been observed in gastric and hepatocellular carcinomas [107,108]. Such a diversity
of functions described for FAP-1, with positive and negative roles in a context-dependent manner,
could be explained considering that it is among the largest intracellular PTPs, containing eight
domains [109]. Despite the demonstrated role of this PTP in melanoma, to date, at least to our
knowledge, no therapeutic approaches have been developed to inhibit FAP-1 in this tumor type,
leaving open the possibility of designing new inhibitors.

2.4. Mitogen-Activated Protein Kinase Phosphatase-1 (MKP1)

MKP1 is a member of the threonine-tyrosine dual-specificity phosphatase family. MKP1 targets
different members of the MAPK family that regulate cell proliferation and apoptosis, including
extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 MAPK [110].
Different evidence demonstrates that MKP1-mediated JNK dephosphorylation/inactivation is essential
to protect tumor cells from anticancer drug-induced apoptosis [111,112]. Interestingly, melanoma
patient survival analyzed by the Kaplan–Meier curve describes a correlation between high levels of
MKP1 and poor prognosis [71,113]. Therefore, the inhibition of MKP1 may be an effective strategy to
enhance the activity of antitumor therapy [114,115]. Promising results in this context come from a study
by Kundu and co-workers, who demonstrated that by combining the interferon-α2b (IFN-α2b) with a
new selective MKP1 inhibitor, tyrosine phosphatase inhibitor-3 (TPI-3), it is possible to obtain better
results than those achieved with IFN-α2b or TPI-3 alone in inhibiting melanoma growth both in vitro
and in a xenograft nude mice model. Interestingly, the authors reported that TPI-3 is a well-tolerated
compound and that mice treated with TPI-3 alone did not experience loss of weight, abnormalities in
behaviors, or anatomic alterations [116] (Figure 2). All together, these findings suggest that therapeutic
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strategies based on the treatment with MKP1 inhibitors could contribute to improve the prognosis of
patients affected by tumors expressing high MKP1 levels, such as melanoma.

Figure 2. Effect of Mitogen-Activated Protein Kinase Phosphatase-1 (MKP1) targeting on melanoma
cells. Overexpression of MKP1 phosphatase in melanoma cells contributes to enhance resistance toward
anticancer drugs. For this reason, MKP1 inhibition is sufficient to enhance cancer cell death in culture
and to sensitize cancer cells towards cytotoxic drugs. Among the substrates of MKP1, there is JNK.
MKP1 dephosphorylates JNK, inhibiting its activation, and thereby avoiding apoptosis.

2.5. Phosphatase of Regenerating Liver (PRL)

The family of PRL consists of three members, namely PRL1, PRL2, and PRL3, and is a unique
class of oncogenic dual-specificity phosphatases (alternatively known as protein tyrosine phosphatase
4A, PTP4A). Kaplan–Meier curve analysis of patients affected with melanoma shows a clear correlation
between PRL phosphatase expression and poor survival [71,117,118].

Despite their role in cancer being well documented, the molecular functions of these proteins
are still not completely understood [119]. PRL3 modulates different signaling pathways involving
p53, MAPK, protein kinase B (PKB, also known as AKT), mammalian target of rapamycin (mTOR),
signal transducer and activator of transcription 3 (STAT3), FAK, and vascular endothelial growth factor
(VEGF), hence positively acting on tumor cell proliferation and aggressiveness [120]. PRL3 is also
able to dephosphorylate the PI (4,5) P2 phosphoinositide, thereby contributing to modulation of the
tumoral phenotype [121].

In addition, PRL3 promotes cell motility, invasion, and metastasis formation through different
mechanisms, including its mutual activation involving the kinase Src [122], the accumulation of
MMO14 matrix metalloprotease [123], and the downregulation of the tumor suppressor phosphatase
and tensin homolog (PTEN), with consequent epithelial–mesenchymal transition [124]. Interestingly,
in a very recent paper, PRL2 overexpression was also correlated with PTEN downregulation and
poor patient survival. In particular, the authors proved that PRL2 directly downregulates PTEN by
dephosphorylating its Tyr336 residue, thus increasing PTEN ubiquitination and degradation [125].

Overexpression of PRL3 has been demonstrated in many different solid tumors, including
metastatic melanoma [30]. This finding was further confirmed by Wu and colleagues, who demonstrated
a higher expression of PRL3 in the metastatic melanoma cell line B16-BL6 with respect to its
less metastatic counterpart B16 cells, highlighting a clear role of PRL3 in promoting metastasis
formation [126]. Daouti and co-authors established that while ectopic PRL3 overexpression induces
cell transformation and increases motility and invasiveness, PRL3 silencing prevents anchorage-
independent cell growth in soft agar [30]. The authors suggested that the adaptor protein p130Crk-
associated substrate (p130Cas) is involved in this mechanism. Specifically, they demonstrated that
treatment with thienopyridone, a selective inhibitor of all the three PRL isoforms, induces p130Cas and
FAK cleavage, leading to the induction of caspase-mediated cell apoptosis and cancer cell anoikis [30].

Coherently, it was also shown that siRNA-mediated PRL3 depletion is able to inhibit the metastatic
potential of B16-BL6 mouse melanoma cells both in vitro and in vivo [127].

Even if it has been known for a long time that a correlation exists between high PRL3 expression
and metastatic risk in patients with uveal melanoma [128], only recently has a specific role for PRLs
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been recognized in this aggressive and metastatic tumor. In particular, collapsin response mediator
protein 2 (CRMP2), a protein affecting microtubule dynamics, protein endocytosis, and vesicle recycling,
has been described as a new target for PRL3 phosphatase activity. Specifically, PRL3 dephosphorylates
CRMP2 on Thr514, thus enhancing cell invasiveness [129].

Considering the key role of PRL3 in mediating melanoma cell motility and metastasis formation,
several attempts have been performed in order to select specific PRL3 inhibitors [119]. Pathak and
colleagues identified pentamidine [1,5-di(4-amidinophenoxy)pentane] as a relatively specific inhibitor
of PRLs and tested its activity on several cancer cell lines, including the WM9 melanoma-derived cell
line. Interestingly, pentamidine was also tested in nude mice, where it was able to induce marked
tumor cell necrosis in engrafted WM9 human melanoma cells, without any obvious side effects [130].
In addition, the previously mentioned thienopyridone is another promising inhibitor of PRLs that has
been demonstrated to be effective in reducing the aggressiveness of melanoma cells by affecting their
metastatic potential [30] (Figure 3).

Figure 3. Effects of Phosphatase of Regenerating Liver-3 (PRL-3) targeting on melanoma progression.
Elevated PRL-3 leads to Src activation through the downregulation of the synthesis of C-terminal
Src kinase protein, which in turn leads to tyrosine phosphorylation of several proteins, including
STAT3, FAK, and p130Cas. Thienopyridone and pentamidine derivatives, which act as PRL3 inhibitors,
are effective in inhibiting melanoma cell proliferation, survival, and migration.

A possible alternative approach is based on the targeting of PRL1 trimer formation, a mechanism
necessary for PRL1-mediated cell proliferation and migration [131]. Using a computer-based virtual
screening, different specific compounds were selected as PRL1 trimerization inhibitors. Interestingly,
one of these compounds, referred to as “Cmpd-43”, displayed a strong anticancer activity both in vitro
and in vivo in a murine xenograft model of melanoma [132].

Even if further efforts are needed to improve both the effectiveness of the inhibitors described and
to reduce their side effects, the reported results suggest that PRLs could be an optimal target to reduce
melanoma aggressiveness.

An event that should be considered when developing new treatments targeting PRLs is its
interaction with the CNNM complexes (cyclin-M family, also termed cyclin and cystathionineβ-synthase
(CBS) domain magnesium transport mediators). This interaction is a key node in the regulation of
magnesium homeostasis [133], and cells that overexpress PRLs in complex with CNNMs accumulate
intracellular magnesium [134], which favors tumor proliferation and migration [135].

A possible more promising approach has very recently been developed using a humanized
antibody (PRL3-zumab) that is able to target externalized PRL3 protein on different human liver and
gastric tumor cell lines, used in an orthotopic tumor model in nude mice [136]. This antibody is currently
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under investigation in a phase 1 clinical trial on a wide range of solid tumors and hematological
malignancies (Trial Number: NCT03191682; Table 1).

Table 1. Protein tyrosine phosphatase (PTP) inhibitors involved in clinical trials for melanoma treatment.

Trial Number Compound Target Disease Status

NCT03191682 PRL3-ZUMAB PRL3
Solid Tumors and

Hematologic
Malignancies

Phase I

NCT03114319 TNO155 SHP-2

Non-Small Cell
Lung Cancer;
Esophageal

Squamous Cell
Cancer (SCC);

Head/Neck SCC;
Melanoma

Phase I

NCT00629200 Sodium
stibogluconate SHP-1 Malignant

melanoma Phase I completed

NCT00498979 Sodium
stibogluconate SHP-1 Malignant

melanoma Phase I completed

PRL3: Phosphatase of Regenerating Liver-3; SHP-2: Src Homology Region 2 Domain-Containing Phosphatase-2;
SHP-1: Src Homology Region 2 Domain-Containing Phosphatase-1.

2.6. Src Homology Region 2 Domain-Containing Phosphatase-2 (SHP-2)

SHP-2, also termed tyrosine-protein phosphatase non-receptor type 11, is encoded by the PTPN11
gene [137]. SHP-2 contains two tandem SH2 domains, which act as phospho-tyrosine-binding
domains and mediate the interaction of the tyrosine phosphatase with its substrates [137]. SHP-2 is
auto-inhibited in the resting state, since the N-terminal SH2 domain binds to the catalytic cleft of the
PTP domain, thereby blocking the access of SHP-2 substrates to the active site. Upon binding to target
phospho-tyrosine residues, the N-terminal SH2 domain is released from the PTP domain and thus the
enzyme is catalytically activated by reverting its auto-inhibited conformation [138].

SHP-2 is ubiquitously expressed and plays a key role in different cell signaling events, such as
mitogenic activation, metabolic control, transcriptional regulation, and cell migration [139].

SHP-2 is the first tyrosine phosphatase identified as an oncogene in juvenile myelomonocytic
leukemia, myelodysplastic syndromes, and acute myeloid leukemia [140]. It is remarkable that the
gain-of-function mutations in SHP-2, leading to hyper-activated/deregulated mutants of the enzyme,
occur in about 50% of Noonan syndrome patients [141]. Importantly, increased SHP-2 expression is a
prognostic and a predictive marker of several malignancies and plays a key role in melanoma [142–149].
Indeed, this PTP has been found to be overexpressed and mutated in samples derived from melanoma
patients, correlating with a strong metastatic phenotype and a poorer prognosis [33–35]. These findings
were further confirmed by the Kaplan–Meier curve analysis, which revealed a strong correlation
between higher expression levels of SHP-2 and poor overall survival in melanoma patients [71,150].

Due to the involvement of SHP-2 in multiple growth factor-mediated oncogenic pathways,
such as the Ras/ERK1/2 pathway, and to its fundamental role in several tumors, inhibition of SHP-2
is considered to have broad therapeutic applications in the treatment of various cancers, including
melanoma [151].

The PTP inhibitor sodium stibogluconate (SSG), a drug used in the treatment of leishmaniasis [152]
and identified as an inhibitor of both SHP-1 and SHP-2 [153], increases interferon-α (IFN-α)-induced
signal transducer and activator of transcription 1 (STAT1) tyrosine phosphorylation and has been
shown to synergize with IFN-α to inhibit WM9 human melanoma tumor growth in nude mice [154].
Accordingly, Win-Piazza and co-workers demonstrated that suppression of SHP-2 increases the antitumor
activity of IFN-α2b in A375 melanoma tumor xenografts. Indeed, IFN-α2b exerts antiproliferative
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effects on A375 cells through STAT1/STAT2 tyrosine phosphorylation, which is negatively regulated
by SHP-2. In keeping with these data, treatment with the SHP-2 inhibitor, SPI-112, increases the
IFN-α2b-stimulated STAT1 phosphorylation and inhibits A375 cell growth [155].

Furthermore, Soong and colleagues revealed a peculiar role of SHP-2 in melanocytes. Specifically,
Plexin B1 and tyrosine protein kinase Met (MET) assemble in an oligomeric receptor-receptor complex in
melanocytes and Semaphorin-4D (Sema4D) increases this association. The consequent MET activation
correlates with the transformation of melanocytes to melanoma [156]. SHP-2 mediates, at least in
part, the effects downstream to the MET receptor, and this phosphatase is required for the activation
of the MAPK and AKT signaling pathways in response to hepatocyte growth factor (HGF) [157,158].
The blockade of SHP-2 phosphatase activity with the inhibitor NSC-87877 reduces HGF-induced MET
activation and subsequently ERK1/ERK2 and AKT phosphorylation, suggesting an important role
for SHP-2 in transducing proliferative and prosurvival signals in melanocytes [156]. Consequently,
inhibition of SHP-2 can be proposed as a novel target to halt the transformation of melanocytes
in melanoma.

Furthermore, SHP-2 acts as an oncogene in BRAF wild-type (either NRAS mutant or wild-type)
melanoma cells. Indeed, both silencing of the activated SHP-2 E76K mutant or the administration
of the allosteric SHP-2 inhibitor, SHP099, causes regression of the established melanoma, thereby
suggesting that SHP-2 could be considered as a therapeutic target for BRAF wild-type melanoma [34].

It is widely described that HGF confers resistance to the BRAF inhibitor Vemurafenib in BRAF-
mutant melanoma cells [159]. Interestingly, recent evidence underlines that SHP-2 is necessary to
mediate this mechanism of resistance. Indeed, Prahallad and co-workers revealed that SHP-2 knockout
clones of SK-Mel888 BRAF(V600E) mutant melanoma cells were unable to confer Vemurafenib
resistance, following HGF, fibroblast growth factor 9 (FGF9), and stem cell factor (SCF) exposure [56].
Furthermore, it has been demonstrated that SHP-2 also drives adaptive resistance to RAS viral (v-raf)
oncogene homolog (RAF) and MEK inhibitors in other tumor types [160]. Accordingly, Ahmed and
co-authors proved that co-targeting of MEK and SHP-2 could serve as a powerful therapeutic approach
in triple-negative breast cancer and showed that SHP-2 inhibition impairs adaptive resistance to
Vemurafenib in a subset of BRAF(V600E) colorectal and thyroid cancers. These results suggest that
SHP-2 blockade successfully overcomes adaptive resistance to BRAF and MEK inhibitors in a defined
subgroup of ERK-dependent tumors, keeping the possibility open for exploiting this strategy for
melanoma treatment.

Moreover, SHP-2 acts as a scaffold protein recruiting growth factor receptor-bound protein 2/Son of
Sevenless (GRB2/SOS) complex to the membrane and promoting RTK-mediated RAS activation [161,162].
It is noteworthy that the allosteric SHP-2 inhibitor SHP099 stabilizes the phosphatase in its inactive
conformation [22], thus preventing the assembly of SHP-2 with other adaptor proteins to achieve the
complete activation of RTK signaling. In keeping with this, Zhang and colleagues demonstrated that
SHP-2 overexpression enhances melanoma MeWo cell viability, motility, and anchorage-independent
growth, through positive regulation of the ERK1/2 and PI3K/AKT pathway [35]. Accordingly, SHP-2
knockdown is able to revert these effects. Indeed, the specific SHP-2 inhibitor 11a-1 [163], an indole
salicylic acid inhibitor, reduces the aforementioned phenomena in melanoma cells by downregulating
the SHP-2-mediated ERK1/2 and AKT signaling pathways. Moreover, in vivo experiments demonstrated
that 11a-1 significantly reduces xenografted melanoma tumor growth (Figure 4).
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Figure 4. Effects of Src Homology Region 2 Domain-Containing Phosphatase-2 (SHP-2) targeting on
melanoma cells. Left: SHP-2 has a key role in promoting the proliferation and survival of melanoma cells.
SHP-2 dephosphorylates RasGAP, an inhibitor of Ras. Therefore, SHP-2, by activating Ras, promotes the
RAS/RAF/ERK1/2 pathway, which sustains melanoma cell proliferation. Right: SHP-2 dephosphorylates
GRB2-associated-binding protein 1 (GAB1), which releases PI3K, promoting activation of the PI3K/AKT
pathway, melanoma cell growth, and survival. NSC-87877 and SHP099 inhibit SHP-2, impairing
melanoma cell proliferation. SHP-2 also has an important role in regulating signaling activated by
IFN-α2b. SHP-2 dephosphorylates STAT1, hindering its dimerization and its migration into the
nucleus, where it stimulates the transcription of several genes, resulting in melanoma cell growth arrest.
Overexpression of SHP-2 in melanoma cells blunts the response to IFN-α, favoring melanoma cell
survival and dissemination. SSG, SPI-112, and TPI-1a4 are potent inhibitors of SHP-2, enhancing the
anti-proliferative activity of IFN-α.

Overall, following the clear correlation between high expression levels of SHP2 and poorer
survival of melanoma patients, several findings strongly suggest that SHP-2 may act as a targetable
substrate against melanoma. In this perspective, SHP-2 inhibitors can be proposed as novel therapeutic
approaches for melanoma treatment [35].

In keeping, TNO155, a recently discovered orally bioavailable SHP-2 inhibitor with antitumor
activity in xenograft models [164], is currently in clinical trials for the treatment of solid tumors,
including melanoma (Trial Number: NCT03114319; Table 1).

3. Role of PTPs in Immune Melanoma Cell Infiltrate

Melanoma is reported as one of the most immunogenic tumors characterized by a crosstalk between
cancer cells and immune cells, which strongly affects cancer progression and metastasis [165]. Indeed,
during melanomagenesis, activated T cells are recruited to the melanoma microenvironment through a
“homing” mechanism, in order to recognize melanoma antigens and attack tumor cells, finally inducing
cell death by the apoptosis pathway or the granule exocytosis pathway [166,167]. Interestingly, patients
affected by melanoma with high CD8+ T cell infiltrate both in primary tumor and metastasis have better
outcomes [168]. Targeting of the host immune response in melanoma with immunotherapies is one of
the most interesting approaches used in the last decades to fight this malignancy [169]. Metastatic
melanoma is mainly treated with Food and Drug Administration (FDA)-approved immune checkpoint
inhibitors, such as Ipilimumab, Pembrolizumab, and Nivolumab [170–173]. However, many patients
fail to respond to immunotherapy and frequently develop primary or secondary resistance, highlighting
the need for supportive therapies to fight melanoma [174,175]. Several studies underlined that PTPs
can exert an important role in modulating the immune infiltrate, thereby affecting melanoma growth.
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Hence, inhibition of these PTPs might represent a novel strategy to be combined with the already
consolidated immunotherapies.

3.1. Src Homology Region 2 Domain-Containing Phosphatase-1 (SHP-1)

SHP-1, also known as protein tyrosine phosphatase non-receptor type 6 (PTPN6), encoded by the
PTPN6 gene, belongs to the family of non-receptor PTPs. This enzyme localizes to the cytosol and
it is primarily expressed in hematopoietic cells, whereas it is present only at low levels in epithelial
cells [176,177]. Similarly to SHP-2, SHP-1 is characterized by two tandem N-terminal SH2 domains that
regulate the enzyme activity. The three-dimensional crystal structure of ligand-free SHP-1 revealed
that this tyrosine phosphatase displays an auto-inhibited conformation [178].

SHP-1 was initially classified as a tumor suppressor phosphatase [179] since its silencing, due to
hypermethylation of CpG islands in the PTPN6 promoter region, is frequently associated with a
poor prognosis and worse outcome in different types of cancers [180–189]. Indeed, several studies
underlined that this enzyme controls cell cycle progression by impairing PDGF and insulin receptor
signaling [190,191]. Moreover, Nagakami and co-authors demonstrated that in endothelial cells,
SHP-1 activation by tumor necrosis factor-alpha (TNF-α) inhibits VEGF- and epidermal growth factor
(EGF)-mediated proliferation [192].

Despite the widely described tumor suppressor activity of SHP-1, recent studies demonstrated that
this phosphatase could also act as an oncogene [193,194]. In particular, growing evidence highlights
that SHP-1 is involved in modulation of the tumor microenvironment and impacts on immune
infiltrate activation.

Specifically, SHP-1 is a key negative regulator of cytokine signaling and immune cell activity [195,196].
This tyrosine phosphatase limits T cell responsiveness by directly targeting T cell receptor (TCR)
chain-ζ or downstream effectors, including the lymphocyte-specific protein tyrosine kinase (Lck),
the zeta-chain-associated protein kinase 70 (ZAP70), the proto-oncogene vav (Vav), and PI3K [176,197].
Recently, Watson and co-authors highlighted that SHP-1 deficiency increases the ability of adoptively
transferred CD8+T cells to impair tumor growth [198]. In addition, an enhanced in vivo cytotoxicity of
naive SHP-1-deficient T cells was observed, highlighting the validity of targeting SHP-1 expression to
boost human CD8+T cell functionality [199,200] (Figure 5).

Figure 5. Effects of Src Homology Region 2 Domain-Containing Phosphatase-1 (SHP-1) targeting in T
cells. Tumor-infiltrating lymphocytes express SHP-1, which regulates the TCR-driven T cell activation
threshold and inhibits early events after TCR triggering. The SHP-1 inhibition increases interaction
of CD8+ T-cells with antigen presenting cells (APCs), leading to reduced activation thresholds and
increased proliferation of antitumor T cells. Therefore, the inhibition of SHP-1 improves the ability of
immune cells to suppress melanoma cell growth.
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Considering the relevance of the immune infiltrate in supporting melanoma progression, targeting
SHP-1 with specific inhibitors could be a promising novel strategy to improve the efficacy of cytokine
therapy and immunotherapy, which are among the most successful approaches in clinical use for
melanoma treatment [201,202]. For this purpose, different SHP-1 inhibitors have been developed,
displaying antitumor potential in advanced cancer patients, including melanoma patients [153,203–205],
as demonstrated by two different clinical trials (Trial Number: NCT00629200 and NCT00498979; Table 1).
In this context, Yi and colleagues demonstrated that SSG inhibitor synergizes with IFN-α to overcome
IFN-α resistance in different human cancer cell lines and extinguishes IFN-α-refractory WM9 human
melanoma tumors in nude mice without displaying adverse effects [154].

More recently, a novel SHP-1 tyrosine phosphatase inhibitor-1 (TPI-1) was identified through the
screening of a library of 34,000 drug-like compounds. TPI-1 was more effective than SSG in SHP-1
inhibition, immune cell activation, and antitumor potential [205]. Furthermore, Kundu and co-workers
revealed that TPI-1 increases the expression of interferon-γ (IFN-γ), a cytokine produced during
the activation of antitumor cells, in vitro, in mouse splenocytes, and in human peripheral blood.
Interestingly, these authors also found that TPI-1 has anticancer potential on B16 melanoma thanks
to the described induction of IFN-γ and demonstrated that B16 tumor growth is inhibited following
TPI-1 treatment. Moreover, the antitumor activity of TPI-1a4, a TPI active analogue, was evaluated on
the UV-induced K1735 murine melanoma with promising results [205].

Furthermore, Ramachandran and co-workers described the central role of SHP-1 in dendritic cell
(DC) function. Indeed, this phosphatase inhibits numerous downstream effectors of multiple receptors,
such as the nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB), the activator protein
1 (AP-1), ERK, and JNK, as well as cytokine production in DCs. Accordingly, SSG-mediated inhibition
of SHP-1 promotes proinflammatory cytokine production and increases the survival and migration
of dendritic cells. Since DC signaling is required for the initiation of T cell immunity, SHP-1 is also
able to reduce the ability of DCs to induce antigen-specific T cell proliferation. Finally, these authors
assessed that SHP-1 inhibition in DCs could enhance their potency as antitumor vaccines. It is notable
that mice bearing B16F10 melanoma, vaccinated with SHP-1-silenced DCs or with SHP-1 dominant
negative DCs, showed a significantly slower tumor growth if compared to controls. Interestingly,
this result suggests that inhibition of SHP-1 in DCs can improve their efficacy as in vivo antitumor
vaccines against melanoma [206].

Moreover, a recent study demonstrated that SHP-1 inhibition in combination with immune
checkpoint blockade treatment (anti-PD1 and anti-CTLA4) increases the recruitment and the effectors’
function of low-affinity T cells, finally leading to melanoma tumor regression by increasing the
frequency of IFN-γ-producing endogenous antitumor CD8+T cells [207]. Collectively, this evidence
highlights the role of SHP-1 as an oncogene in the tumor microenvironment, specifically in the immune
cell population, suggesting that it may be a promising target to enlarge the repertoire of T cells sensitive
to checkpoint blockade, finally leading to enhanced control of melanoma growth.

Notably, new efforts are needed to modulate SHP-1 activity in the selected immune cell population,
which would be a significantly better strategy to impair tumor growth, rather than globally inhibit
SHP-1 activity, independently of the cell subset. This approach could be particularly suitable in
melanoma treatment, where immunotherapy is becoming increasingly important [208].

3.2. Src Homology Region 2 Domain-Containing Phosphatase-2 (SHP-2)

Recent evidence suggests a role of SHP-2 in tumor immunity. Specifically, following engagement
with its ligands, mainly PD-L1, programmed cell death protein 1 (PD-1) is activated and recruits
SHP-2 in the proximity of TCR and CD28. Consequently, SHP-2 dephosphorylates and decreases
TCR and CD28 pathways, leading to the inhibition of T cell proliferation and activation, ultimately
causing activated T cell death [209]. In keeping with this, Wu and co-workers recently showed that B16
melanoma cell-derived exosomes deliver SHP-2 to tumor-infiltrating lymphocytes, thus suppressing
their function and inhibiting their proliferation [210]. Moreover, it has been demonstrated that
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SHP-2 suppression in macrophages may promote a Th1-dominant tumor immune microenvironment,
which is advantageous to suppress melanoma growth. Indeed, the deletion of SHP-2 increases
macrophage production of chemokine (C-X-C motif) ligand 9 (CXCL9) in response to IFN-γ and tumor
cell-derived cytokines, promoting T cell infiltration into the tumor [211]. Other evidence highlighting
the importance of SHP-2 targeting in tumor-based immunotherapy comes from the studies of Ramesh
and co-workers [212]. These authors demonstrated that the treatment with dual-inhibitor-loaded
nanoparticles (DNTs), which simultaneously inhibit macrophage colony-stimulating factor 1 receptor
(CSF1R) and SHP-2 pathways, results in an efficient re-polarization of M2 macrophages to their active
M1 phenotype. Moreover, DNTs display antitumor activity without any toxicity in melanoma in
both in vitro and in vivo settings [212]. In conflict with previous evidence, Zhang and co-authors
highlighted that the expression of SHP-2 in CD4+ T cells exerts tumor-suppressing effects on melanoma.
Indeed, they demonstrated that SHP-2 deletion in CD4+ T cells potentiates melanoma progression and
promotes metastasis in mice [213] (Figure 6).

Figure 6. Targeting of SHP-2 in immune cells. After binding with PD-L1 ligand exposed by cancer
cells or APC cells, PD-1 undergoes activation and recruits SHP-2, which can dephosphorylate ZAP70
or activate CD28 immune receptor. By this mechanism, SHP-2 inhibits signaling originated by TCR
and CD28, thereby leading to a reduction in TCR-mediated interleukin-2 (IL-2) production and the
impairment of T cell proliferation. Conversely, the treatment with SHP-2 inhibitors, such as NSC-87877,
SHP099, and SSG, enhances lymphocyte activation and cytokine release, and stimulates lymphocyte
proliferation, inducing melanoma cell death.

Even if the role of SHP-2 in modulating antitumor activity of immune infiltrate needs to be
better investigated, reported results suggest that targeting SHP-2 in immune cells may be a promising
approach for melanoma treatment.

3.3. Tyrosine-Protein Phosphatase Non-Receptor Type 2 (PTPN2)

PTPN2, also known as T-cell protein tyrosine phosphatase (TC-PTP), is ubiquitously expressed and
has important functions [214] in modulating immune cell signaling [215], inflammatory responses [216],
hematopoietic stem cell renewal [217], insulin signaling [218], and leptin regulation [219]. Importantly,
several recent studies outlined a key role of PTPN2 in modulating oncogenic signaling. While few
papers attribute a tumor-suppressive function to PTPN2 [220–223], many studies support its oncogenic
role. For example, PTPN2 has been found to be overexpressed in B cell lymphomas, where its
upregulation is under the control of MYC [224]. In addition, PTPN2 promotes IGF-2 induced migration
in MCF-7 breast cancer cells [225].
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Using Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein 9
(CRISPR/Cas9) genome editing, Manguso and co-workers recently performed a pooled loss-of-function
genetic screening in mice tumors derived from transplantable B16 melanoma cells. Mice were treated
with immunotherapy in order to discover new potential targets involved in the resistance to this
approach. Interestingly, among the genes depleted in immunotherapy-treated mice, PTPN2 was one of
the most representative. Specifically, loss-of-function of PTPN2 sensitized B16 cells to immunotherapy
in vivo and increased the sensitivity to T cell immunity in a Braf/Pten melanoma model, without affecting
cell viability and growth in the absence of T cells. It is noteworthy that the re-expression of PTPN2
in PTPN2-null tumors abrogated the response to immunotherapy in vivo and the overexpression of
PTPN2 in B16 cells promoted immunotherapy resistance. Moreover, the composition of the immune
cell population in the tumor microenvironment was strongly altered in PTPN2-null tumors displaying
a higher number of activated and cytotoxic CD8+T cells and γδ+ T cells. In addition, loss of PTPN2
increased antigen presentation and sensitivity to CD8+T cells. In order to dissect the mechanism by
which PTPN2 acts as an oncogene in melanoma and how its loss correlates with increased sensitivity
of tumor cells to immunotherapy, it is important to underline that the tyrosine phosphatase inhibits
IFNγ signaling by dephosphorylating STAT1 and JAK1. Indeed, PTPN2 deletion in B16 tumor cells
enhanced IFNγ signaling, caused a strong change in the expression profile of IFNγ response gene,
and increased phosphorylation of STAT1, thereby reducing tumor growth of PTPN2-null mice [226].

Moreover, a very recent study disclosed a new role of PTPN2 as a key regulator of the differentiation
of the terminally exhausted CD8+T cell subpopulation by attenuating type I interferon signaling.
Indeed, PTPN2 loss in the immune system subpopulation, CD8+T cells, induces PD-1 checkpoint
blockade response to B16 tumors [227].

Despite no PTPN2 inhibitors having been extensively studied to date, the previously reported
promising results revealing the oncogenic role of PTPN2 strongly suggest the necessity to design
selective inhibitors of this phosphatase in order to potentiate the sensitivity of melanoma to the effects
of immunotherapy.

4. Discussion

The discovery that mutated or constitutively activated tyrosine kinases contribute to melanocyte
transformation pointed the attention to the importance of altered tyrosine phosphorylation in supporting
different aspects of melanoma progression. This evidence paved the way for the development of tyrosine
kinase inhibitors for the treatment of the unresectable form of melanoma [228]. Hence, many tyrosine
kinase inhibitors have been synthesized in the past decades, and quickly approved for the treatment of
patients affected by advanced metastatic melanoma. Although this therapeutic approach has produced
clear benefits [229], clinical data revealed that a significant percentage of patients expressing mutated
forms of oncogenic tyrosine kinases develop resistance to the treatment over the time, highlighting the
need to find alternative therapeutic approaches [230].

A possible solution to this issue has recently emerged from the modulation of the activity of PTPs.
Indeed, although many members of the PTP family behave as a tumor suppressor, several studies
underscored a key role for PTPs as tumor promoters in different types of cancer [8]. This scenario
suggested that the targeting of PTPs could be a promising alternative strategy to fight cancer
progression. Despite the difficulties arising from the fact that all PTPs share the same charged active
site, many advances have been made in the development of specific, cell-permeable, and bioavailable
PTP inhibitors, mainly allosteric ones [231]. The first study about the possibility of inhibiting PTPs
for melanoma treatment came from the late 1990s when Steinman and collaborators reported that
the administration of different PTPs inhibitors, such as sodium orthovanadate and phenylarsine
oxide, strongly inhibited melanoma metastasis formation, thus reducing tumor aggressiveness [232].
Preclinical studies subsequently revealed that some molecules targeting PTPs are able to slow down
proliferation and reduce the metastatic dissemination of many aggressive forms of cancers without
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producing side effects, suggesting the possibility of introducing these compounds in the therapy
against melanoma [21,231].

The evidence reported in this review confirms this hypothesis and shows that some of the
PTPs previously described to have oncogenic functions also play an important role in promoting
melanoma cell proliferation and survival [30–35]. In addition, some of these PTPs are implicated in
the inactivation of the immune response, contributing to immune surveillance evasion of melanoma
cells [195,196,209,226,227]. The relevance of PTPs in sustaining melanoma aggressiveness is further
confirmed by tests carried out on mice xenografted with melanoma cells, revealing that treatment with
PTPs inhibitors impairs proliferation, migration, and invasiveness of cancer cells [116,130], and enhances
the antitumoral immune response [154,205,206,226]. Interestingly, many of the PTP inhibitors proposed
above have been designed to overcome the highly conserved and positively charged nature of PTP
active sites, thus ensuring a good specificity for their targets. For example, the SHP-2 inhibitor 11a-1,
demonstrated to be effective against melanoma both in vitro and in vivo [163], has an IC50 over 5-fold
more selective for SHP2 than any other PTPs tested. This specificity is correlated to its bidentate
structure, which facilitates the access and the anchorage to both the SHP2 active site and a unique
peripheral binding site, increasing its selectivity and potency [163]. The step-by-step modification
strategy is also successful for the identification of new inhibitors. This approach, by optimizing the
previously proposed CDC25B inhibitor NSC28620, led Cerchia and co-workers to the identification of
the main structural requirements necessary to obtain the optimal inhibitory activity and specificity to
design selective inhibitors against CDC25B [83].

Moreover, it is important to notice that some PTPs are simultaneously overexpressed in both
cancer and immune cells, often displaying opposite functions. In these cases, it would be necessary to
have some caution before proposing them as a possible therapy, evaluating the possibility of targeting
the enzymes exclusively in one of the two populations.

For instance, it has been reported that LMW-PTP has a positive role in regulating the activation of
lymphocytes [233,234], while it also promotes resistance of melanoma cells toward cytotoxic drugs [31].
As a consequence, the treatment of patients affected by melanoma with LMW-PTP inhibitors could
induce a paradoxical effect, inhibiting on the one side, the proliferation of cancer cells, but on the other,
impairing the immune response.

Different is the case of SHP-2, which plays a key role in sustaining melanoma cell survival,
and behaves, at the same time, as a negative regulator of T lymphocytes [235]. Therefore, in this
case, treatment with SHP-2 inhibitors could generate a synergistic effect, dampening melanoma cell
growth [22] and at the same time potentiating the activation of immune cells [236].

In conclusion, in our opinion, future studies should be focused, on the one hand, on clarifying the
physiological roles of PTPs in order to predict the efficacy of new targeted therapies based on their
inhibition and, on the other, to synthesize more specific PTP inhibitors with a view to generating novel
potential antitumoral drugs.

5. Conclusions

In synthesis, information collected in this review demonstrates that PTPs represent interesting
molecules that can be targeted to fight the most aggressive forms of melanoma. PTP inhibitors could
be successfully used, alone or in combination, to arrest melanoma progression while also potentiating
antitumor immune surveillance. Based on the promising results obtained so far, PTP inhibitors could
be proposed as a potential adjuvant therapy for the treatment of melanoma.
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Simple Summary: Patients with advanced melanoma are often treated with v-raf murine sarcoma
viral oncogene homolog B1 (BRAF) inhibitors. Although these agents prolong life, patients inevitably
develop resistance and their cancer progresses. This review examines all of the potential ways
that melanoma cells develop resistance to BRAF inhibitors. These mechanisms involve genetic
and epigenetic changes that activate different signaling pathways, thereby bypassing the effect of
BRAF inhibition, but they also involve a change in cell phenotype and the suppression of anticancer
immune responses. Currently, BRAF inhibitor resistance can be partially overcome by combining
a BRAF inhibitor with a mitogen-activated protein kinase kinase (MEK) inhibitor, but many other
combinations are being tested. Eventually, it may be possible to choose the best combination of drugs
based on the genetic profile of an individual’s cancer.

Abstract: This systematic review investigated the literature on acquired v-raf murine sarcoma viral
oncogene homolog B1 (BRAF) inhibitor resistance in patients with melanoma. We searched MEDLINE
for articles on BRAF inhibitor resistance in patients with melanoma published since January 2010 in the
following areas: (1) genetic basis of resistance; (2) epigenetic and transcriptomic mechanisms; (3) influence
of the immune system on resistance development; and (4) combination therapy to overcome resistance.
Common resistance mutations in melanoma are BRAF splice variants, BRAF amplification, neuroblastoma
RAS viral oncogene homolog (NRAS) mutations and mitogen-activated protein kinase kinase 1/2 (MEK1/2)
mutations. Genetic and epigenetic changes reactivate previously blocked mitogen-activated protein
kinase (MAPK) pathways, activate alternative signaling pathways, and cause epithelial-to-mesenchymal
transition. Once BRAF inhibitor resistance develops, the tumor microenvironment reverts to a low
immunogenic state secondary to the induction of programmed cell death ligand-1. Combining a
BRAF inhibitor with a MEK inhibitor delays resistance development and increases duration of
response. Multiple other combinations based on known mechanisms of resistance are being investigated.
BRAF inhibitor-resistant cells develop a range of ‘escape routes’, so multiple different treatment targets will

Cancers 2020, 12, 2801; doi:10.3390/cancers12102801 www.mdpi.com/journal/cancers319



probably be required to overcome resistance. In the future, it may be possible to personalize combination
therapy towards the specific resistance pathway in individual patients.

Keywords: BRAF inhibitors; melanoma; metastasis; microenvironment; resistance; therapy

1. Introduction

Although melanoma is the least common type of skin cancer, it is the most deadly [1],
causing approximately 61,000 deaths per year around the world [2]. An estimated 42–45% of
melanomas harbor mutations of the gene for v-Raf murine sarcoma viral oncogene homolog B
(BRAF) [3,4], an activating serine/threonine protein kinase in the mitogen-activated protein kinase
(MAPK) signaling pathway. In patients with cutaneous melanoma, almost all of these mutations affect
codon 600 of exon 15 [3]. The most common mutations are V600E (accounting for ~80% of BRAF
mutations), in which a single nucleotide substitution (GTG to GAG) results in valine being substituted
for glutamate, and V600K (accounting for ~16% of BRAF mutations), where two nucleotides are
affected (GTG to AAG), resulting in valine being substituted for lysine [4]. Other BRAF mutations
include V600D and V600R (together accounting for ~3%).

These mutations are oncogenic drivers that cause tumor progression and metastasis, and their discovery
led to the development of small molecule inhibitors of BRAF, including vemurafenib, dabrafenib and
encorafenib, for the treatment of melanoma [5,6]. Testing for BRAF mutations is now globally recommended
in order to choose the most appropriate therapy for patients with stage III or IV melanoma [7,8].

BRAF inhibitors dramatically improved response rate and survival compared with standard
chemotherapy in patients with BRAF-mutated melanoma, but these benefits were not durable, and most
patients developed progressive disease as a result of resistance development [5]. Consequently,
the recommended treatment approach for patients with advanced or metastatic BRAF-mutated
melanoma is now a combination of a BRAF inhibitor and a MAPK kinase (MEK) inhibitor [7,8].

Only through thorough understanding of the mechanisms of BRAF inhibitor resistance can we hope
to develop strategies for achieving the full therapeutic potential of contemporary treatments in patients
with melanoma. Therefore, the aim of the current systematic review was to thoroughly investigate
the literature on acquired BRAF inhibitor resistance, in order to identify future potential treatment
strategies. Based on what is known about mechanisms of BRAF inhibitor resistance [9], four predefined
topics were examined: (1) the genetic basis of resistance; (2) epigenetic and transcriptomic mechanisms
of resistance; (3) influence of the immune system on BRAF inhibitor resistance; and (4) the potential of
combination therapy to overcome resistance.

2. Methods

We undertook a search of the MEDLINE database on May 18, 2020 for any articles on BRAF
inhibitor resistance, when used alone or in combination with a MEK inhibitor, in patients with cutaneous
melanoma (a full description of the searches is shown in Supplementary Materials) published since the
beginning of 2010. Four separate searches were undertaken on each predefined topic. We excluded
conference reports/abstracts, news items and case reports, and articles published in languages other
than English.

One author (IP) reviewed the search results and chose potential articles based on the title and
abstracts. Articles were rejected from the review if they were not specific to acquired BRAF resistance
(i.e., the focus was on primary resistance) in cutaneous melanoma (i.e., excluding ocular or mucosal
melanoma).

From this group of articles, those most likely to contain pertinent information about BRAF inhibitor
resistance mechanisms were extracted for discussion.
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3. Results

The search identified the following number of articles: (1) 406 on genetic mechanisms, (2) 46 on
epigenetic mechanisms; (3) 82 on immune mechanisms; and (4) 499 on overcoming resistance with
combination therapy.

A more in-depth review of the articles meant that additional articles were excluded as being
either not relevant or not an included article type, and some articles were reclassified into another
topic section. The final number of articles included in each section were: (1) 106 articles on genetic
mechanisms; (2) 61 articles on epigenetic or transcriptomic mechanisms; (3) 23 articles on immune
mechanisms; and (4) 189 articles on overcoming resistance. There was some overlap between sections
as some articles were relevant to more than one topic.

3.1. Genetic Mechanisms of Resistance

Advances in genetic analytical techniques, such as next generation sequencing (NGS) and clustered
regularly interspaced short palindromic repeats (CRISPR) have considerably expanded our knowledge
of the genetic changes involved in BRAF inhibitor resistance, and raise the possibility of incorporating
mutational information into predictive or prognostic models [10–12].

A range of genetic mutations have been identified as causing acquired BRAF resistance (recently
reviewed by Tian and Guo and summarized in Table 1) [11,13–70]. The most common mutations
are BRAF splice variants, BRAF amplification, neuroblastoma RAS viral oncogene homolog (NRAS)
mutations and MEK1/2 mutations [51,61,71,72], and these appear to be associated with different disease
phenotypes. For example, brain metastases appear to be associated with NRAS mutations whereas
hepatic progression is associated with MEK1/2 mutations [72]. Longitudinal assessments indicate that
patients tend to accumulate resistance-related mutational changes over time [72]. However, the rate of
resistance development does not appear to be related to the antitumor activity of the BRAF inhibitor
(i.e., the speed at which the BRAF inhibitor kills treatment-sensitive cells has no bearing on the speed
at which resistant clones develop) [73].

Splice variants of BRAF mediate resistance by affecting BRAF dimerization. In cells with wild-type
BRAF, activation by RAS leads to the formation of homodimers (BRAF-BRAF) or heterodimers with
CRAF (BRAF-CRAF), whereas cells with V600E mutations do not form dimers and activate MEK via
monomeric BRAF. BRAF inhibitors are ineffective in melanoma with wild-type BRAF because the
homo- and heterodimers retain their signaling capacity, whereas these inhibitors block the action of
monomeric BRAF. Splice variants of BRAF V600E are also able to form dimers and therefore to activate
MEK in the presence of BRAF inhibitors [50,74].

Genetic changes to key molecules in the NRAS/BRAF/MEK pathway lead to reactivation of the
previously blocked MAPK pathways or activation of alternative signaling pathways, such as the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway (Figure 1) [11,36,75–78]. In some
patients with BRAF inhibitor resistance, the activation of PI3K/AKT is driven by loss of phosphatase
and tensin homolog (PTEN) expression [79].

The genetic changes also contribute to the increased cytoprotective autophagy seen in BRAF
inhibitor-resistant melanoma cells [80–83], allowing tumor cell proliferation to continue unchecked.
The enhanced autophagic-lysosomal activity of BRAF-resistant melanoma cells exacerbates adenosine
triphosphate (ATP) secretion, which in turn increases melanoma cell invasion [82].

However, some mutations are independent of downstream pathways. Overexpressed genes in
BRAF inhibitor-resistant cells are often associated with growth factors and their receptors, cell adhesion
molecules and extracellular matrix binding [84]. Common mutations involve effects on receptor tyrosine
kinases (RTKs), such as epidermal growth factor receptor (EGFR), platelet-derived growth factor
receptor (PDGFR), hepatocyte growth factor (HGF), or insulin-like growth factor (IGF) receptor, which in
turn activate parallel pathways [11,19,20,25,29,58,59,84–86]. Research has shown extensive redundancy
in RTK-mediated signaling pathways, whereby a broad range of widely expressed RTKs are upregulated
in cells with BRAF inhibitor resistance [86]. These changes are mediated post-translationally via the
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inhibition of proteolytic ‘shedding’ of cell surface receptors [87]. This shedding is a normal part of the
negative feedback loop that limits intracellular signaling, but is blocked by BRAF inhibitors. As a result,
there is an increase in cell surface receptor levels in the tumor during treatment, causing activation or
enhancement of alternative signaling pathways.

Table 1. Genetic mutations contributing to acquired BRAF inhibitor resistance (adapted from Tian and
Guo, 2020) [13].

Mutation Mechanism

NRAS mutations [15,31,44,47,49,51,60,61]
Constitutively active RAS mutants enhance BRAF V600E

dimerization, reactivate the ERK pathway, and confer resistance
to BRAF inhibitor which only block monomeric BRAF V600E

CRAF overexpression, RAF paradox and
dimerization of RAF proteins [17,24,36]

BRAF inhibitors can paradoxically activate wild-type BRAF
kinase through the induction of dimerization or MAP3K8/COT
and CRAF activation, resulting in MEK/ERK phosphorylation

and eventually promoting cell proliferation

Secondary BRAF mutations [63,69]

Secondary mutations in V600E (single-nucleotide substitution)
or L505H have been detected in patients with BRAF inhibitor

resistance. The mutations in V600E increases BRAF kinase
activity and causes cross-resistance with MEK inhibitors

BRAF gene amplification and splicing
[11,47,50,51,61,62,64,70]

The amplification of the BRAF gene led to significant
upregulation of BRAF protein expression, contributing to the

reactivation of ERK in the presence of BRAF inhibitors.
Alternative splicing can lead to the expression of truncated

BRAF proteins that lack the N-terminal RAS-binding domain but
retain the kinase domain, which can form homodimers that are

resistant to BRAF inhibitor

MEK1/2 mutations [21,44,51,61,62,64] MEK1/2 mutations could reactivate downstream ERK signaling
without the need for BRAF stimulation

Upregulation of membrane receptors, RTKs, or
receptor interaction proteins [11,19,20,25,28,29,35,

38–41,46,48,49,52,53,57–59,61,66,67]

Overexpression or hyperactivation of membrane receptors/RTKs
could promote acquired resistance through the activation of

parallel pathways or by direct induction of the RAS pathway;
partly mediated by MITF copy gain

Aberrations in the PI3K -AKT pathway
[11,14,16,18,23,32–34,55,56,68]

PI3K and AKT-activating mutations enhance AKT signaling,
which promotes anti-apoptotic signals and upregulates

expression of essential proliferative genes, allowing survival
signals independently of BRAF

Down-regulation of STAG2 or STAG3 expression
[54,68]

Down-regulation of STAG2 or STAG3 expression suppressed
CTCF-mediated expression of DUSP6, resulting in the

reactivation of ERK

Activation of the YAP/TAZ pathway [14,22,42,45] The activation of YAP/TAZ pathway after actin remodeling
renders resistance to BRAF targeted therapy

Down-regulation of expression of DUSPs [30]

DUSPs are the largest group of phosphatases for
dephosphorylating ERK1/2 kinase, DUSPs are considered to be
the negative feedback loop of MAPK signaling in response to

BRAF-targeted therapy

RAC1 mutation [43,65] Single-nucleotide variant in RAC1 maintains activation of MAPK
pathway via PAK1-mediated co-activation

Somatic mutations in NF1 [27]
Usually a negative regulator of the RAS pathway, inactivation of

NF1 expression leads to increased activity in downstream
pathways such as PI3K/AKT

Downregulation of expression of RNF125 [37]

Deficiency of RNF125 suppresses ubiquitination and
degradation of JAK1, thereby promoting the expression of EGFR

that activates downstream ERK signaling and conferring
resistance to BRAF-targeted therapy

DBL guanosine exchange factors [26]
Gain-of-function mutations in genes regulating the
DBL/RAC1/PAK signaling axis drive resistance to

BRAF inhibitors

AKT, protein kinase B; BRAF, v-Raf murine sarcoma viral oncogene homolog B; COT, cancer Osaka thyroid
oncogene); CRAF, RAF proto-oncogene serine/threonine-protein kinase; DUSP, dual-specificity phosphatase;
EGRF, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; JAK, Janus kinase;
MAPK, mitogen-activated protein kinase; NF1, neurofibromin 1; PAK1, human p21-activated kinase; PI3K,
phosphatidylinositol 3-kinase; RAC1, Ras-related C3 botulinum toxin substrate 1; RAF, rapidly accelerated
fibrosarcoma; RNF, ring finger protein; RTK, receptor tyrosine kinase; STAG, small T-antigen; TAZ, transcriptional
coactivator with PDZ-binding motif; YAP, yes-associated protein.
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Figure 1. The MAPK signaling pathway (A) in a BRAF inhibitor-sensitive cell showing sites of action
of BRAF inhibitors and MEK inhibitors, and (B) after BRAF inhibitor resistance development [78].
Mechanisms of resistance are numbered: (1) upregulation of RTK; (2) BRAF amplification; (3) BRAF
alternative splicing; (4) loss of NF1; (6) ERK activation; (7) loss of PTEN; and (8) activation of alternative
signaling pathways. BRAF, v-Raf murine sarcoma viral oncogene homolog B; ERK, extracellular
signal-regulated kinase; GFR, growth factor receptor; mTOR, mammalian target of rapamycin; NF1,
neurofibromin 1; PTEN, phosphatase and tensin homolog; RTK, receptor tyrosine kinase. From Tanda
et al. Frontiers in Molecular Biosciences 2020, 7, 154 [78]. © 2020 Tanda, Vanni, Boutros, Andreotti,
Bruno, Ghiorzo and Spagnolo.
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Transcriptomic analysis showed that, compared with BRAF inhibitor-sensitive cells, those with
acquired resistance had differences in 887 upregulated genes and 1014 downregulated genes [88].
Upregulated genes were mainly Group IV genes involved in inflammatory response, cell migration,
exocrine system development, regulation of peptidase activity and tissue development, or Group
V genes involved in cellular response to lipopolysaccharide, regulation of epithelial cell apoptosis,
processes involved in the ovulation cycle, and regulation of interleukin (IL)-1βproduction (Figure 2) [88].

Figure 2. Heat map analysis of genes differentially expressed in cells with BRAF inhibitor sensitivity
(A375P), acquired BRAF inhibitor resistance (A375P/Mdr) and innate BRAF inhibitor resistance
(SK-MEL-2) [88]. SK-MEL-2 cells have wild-type BRAF and are resistant to BRAF inhibitors because
these agents lack activity against wild-type BRAF. From Ahn et al. Biomol 2019, 27, 302–310 [88].
Copyright©2019, The Korean Society of Applied Pharmacology.

The contribution to resistance of genetic alterations in cell cycle regulators is an interesting finding.
One such change is upregulation of the cell cycle genes CDK6 and CCND1 [89]. This appears to
open up the possibility of using CDK inhibitors to overcome resistance; preclinical data indicate that
adding palbociclib to treatment with BRAF inhibitors and/or MEK inhibitors prevented resistance
development in treatment-naïve melanoma cells and animal models, but did not overcome resistance
in cells and animals with acquired BRAF inhibitor resistance [90].

Other genetic changes implicated in the development of vemurafenib resistance are loss of
genes that encode NF1 (a negative regulator of RAS) and CUL3 (a key protein in the ubiquitin ligase
complex) [27,91,92]. Loss of CUL3 is associated with increased RAC1 activity [91]. RAC1 is a member
of Rho family of GTPases that regulate actin dynamics, cytoskeleton organization, and cell motility [93].
Rho GTPases regulate gene transcription via the downstream co-activator YAP1 [45,94]. Inhibition of
actin remodeling, possibly by inhibiting YAP1, has been suggested as a potential target for overcoming
BRAF inhibitor resistance [94,95]. Actin is not the only cytoskeleton protein implicated in BRAF
inhibitor resistance: differentially regulated genes coding for microtubules and the intermediate
filament nestin are also involved [96,97].
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The net effect of these genetic alterations is a shift in the phenotype of BRAF inhibitor-resistant
melanoma cells, resulting in an epithelial-to-mesenchymal transition (EMT) [97–99], characterized by
changes in cell–cell adhesion, cell-matrix adhesion, cellular polarity, and the cytoskeleton [100]. As well
as being mediated by the genetic changes within the cell, this EMT shift is also stimulated by nearby
fibroblasts in the tumoral stroma [101], which secrete growth factors (such as HGF) that strongly
activate the MAPK cascade [102].

3.2. Epigenetic and Transcriptomic Mechanisms

Plasticity of the melanoma cell phenotype is often driven by changes in the tumor
microenvironment, such as hypoxia, pH, and nutrient supply [103,104]. BRAF inhibitor treatment is
also associated with a change in the metabolic profile of cells, with a shift towards more mitochondrial
respiration and the formation of reactive oxygen species [103,105–110].

These changes in the cellular metabolic profile and in the tumor microenvironment affect the
activity of histone-modifying enzymes, including histone methyltransferase, histone demethylase,
and histone deacetylase (HDAC) [111]. These changes modulate transcription by modifying
chromatin structure. For example, the increased oxidative metabolism in BRAF inhibitor-treated
cells causes a shift from glucose to glutamine metabolism [103], with increased glutamine catabolism.
Low glutamine levels in the core of a melanoma induce histone hypermethylation and BRAF inhibitor
resistance [112]. BRAF inhibitor-resistant cells show increased expression of KDM5B, a histone
demethylase enzyme [113].

Downregulation of a range of HDAC genes have been reported to be associated with BRAF
inhibitor resistance, including SIRT2 (encoding for sirtuin 2) [114], SIRT6 (encoding for sirtuin 6) [115],
and HAT1 (encoding for histone acetyltransferase 1) [116]. On the other hand, HDAC8 is upregulated
in BRAF inhibitor-resistant cells [117].

Noncoding portions of DNA are also implicated in the development of resistance, particularly loci
that are involved in transcription factor recruitment and occupancy [118]. Long non-coding RNA
(lncRNA) loci are also implicated; transcriptional activation of one such lncRNA, EMICERI, activates a
neighboring gene that confers resistance to BRAF inhibitors [119].

BRAF inhibitor resistance involves a range of transcription factors (Table 2) [14,16,22,28,45,46,48,52,58,
66,81,89,97,117,120–140]. A transcriptomic analysis of BRAF inhibitor-resistant melanoma cells showed that
some transcription factors were upregulated whereas others were downregulated [141]. These researchers
highlighted a set of transcriptional ‘master regulators’ including STAT, FOXO, ZEB1 (upregulated) and
MITF, HIF1A and MYB (downregulated) that control a range of effector pathways (Figure 3). One of
the key processes regulated by these transcription factors is ErbB3 phosphorylation, which leads to
PI3K/AKT activation [52]. Downstream effects of these transcription-related events include inhibition of
apoptosis [142] and the EMT phenotypic change seen in BRAF inhibitor-resistant cells [99,135].

Resistance is also mediated at a post-transcriptional level through effects on translation mediated
by RNA binding proteins (e.g., human antigen R and 4E-BP) [143,144], translation initiation complexes
(e.g., eIF4F or eIF4E) [144,145], micro-RNAs (Table 2) [59,146–154], and by modifications in wobble
tRNA [155]. Some of these micro-RNAs (e.g., miR-199b-5p) are regulators of cell-cell signaling via VEGF
and HIF-1α, while others (e.g., miR-4488 and miR-4443) are involved in autophagy regulation [149].

325



Cancers 2020, 12, 2801

Figure 3. Transcription factor motif analysis of BRAF inhibitor resistance in cellular models of
malignant melanoma [141]. Red indicates transcription factors relevant to upregulated genes and
blue indicates transcription factors relevant to downregulated genes. (a) Schematic representation of
differentially expressed genes in a drug resistance model and transcription factor motifs associated
with regulated target genes. Upregulated factors are depicted in red and downregulated factors in
blue. (b) Hierarchical transcription factor network with master regulators on top and downstream
targets at bottom. Sets of transcription factor target genes are identified in enrichment analysis based
on sequence motifs. (c) Hierarchical network model illustrates how therapy resistance in cancer selects
for specific transcriptional master regulators to rewire target genes in effector pathways in a concerted
fashion. From Zecena et al. BMC Syst Biol 2018, 12, 33 [141]. Copyright© 2018, Zecena, Tveit, Wang,
Farhat, Panchal, Liu, Singh, Sanghera, Bainiwal, Teo, Meyskens, Liu-Smith, and Filipp.
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Table 2. Transcription factors and microRNA implicated in BRAF inhibitor resistance.

Transcription Factors MicroRNA

STAT3 [28,122,131,139] miR-7 [59]
FLI1 [121] miR-92a-15p [150,152]

RUNX [123,129] miR-204-5p [147,149]
YAP [14,22,45] miR-211-5p [147]
c-MYC [138] miR-126-3p [146]

Aryl hyodrocarbon receptor [125] miR-514a [154]
SOX proteins (SOX2, SOX10) [58,126,130,131] miR-579-3p [148]

β-catenin [120,124,139] miR-4443 [149]
MITF [46,48,127,130,132] miR-4488 [149]

MRTF [45] miR-1246 [151]
JUN [89,97,117,128,136] miR-200c [153]

ZEB-1 or -2 [66,137] miR-708-5p [152]
WNT5 [16,120,124,134] miR-199-5p [149]

NFATc2 [135]
NRF-1 [133]
FOXD3 [52]
E2F1 [140]
TFEB [81]

3.3. Immune Mechanisms

The genetic and epigenetic changes associated with BRAF inhibitor treatment affect the interaction
between the melanoma tumor and the immune system in various ways. Untreated melanoma is not
particularly immunogenic, but treatment with BRAF inhibitors causes a transient increase in antitumor
immunogenicity, with recruitment of T-cells and natural killer (NK) cells and a reduction in regulatory
T-cells (Tregs) [156].

Treated patients may develop immune-related adverse events (e.g., arthralgia, immune-related skin
reactions), which can be a marker of response to BRAF inhibitors [157–159]. However, once resistance
to BRAF inhibitors develops, the tumor microenvironment reverts to its low immunogenic state,
with fewer infiltrating T-cells and NK cells [9,160], more double-negative T-cells [9,161], and restoration of
myeloid-derived suppressor cells [162]. Moreover, the T-cells and NK cells that are present are functionally
impaired compared with BRAF inhibitor-sensitive tumors [160], such that cytotoxic T-lymphocytes and
NK cells are less effective at recognizing and killing BRAF inhibitor-resistant cells [163,164].

In the tumor cell, this reversion to a low immunogenic state is caused by induced expression of
programmed cell death ligand-1 (PD-L1) [165–169], increased expression of the immunoregulatory
protein Galactin-1 [170], and increased expression of CD47, an immunoregulatory cell marker, on tumor
cells, leading to reduced killing by cytotoxic T-cells and macrophages [133]. BRAF inhibitor-resistant
tumor cells also show reduced expression of target antigens [164], and increased production of IL-10 [33].
They also show upregulation of the IGF receptor, which sensitizes BRAF inhibitor-resistant cells to the
effects of cytotoxic T-lymphocytes by increasing the cellular uptake of granzyme B [171].

Another change which may have therapeutic implications is the restoration of carcinoembryonic
antigen-related cell adhesion molecule 1 (CEACAM1) expression. CEACAM1 is an intercellular
adhesion molecule that regulates cell proliferation, cellular energetics, and inflammation in
cancer cells, including melanoma, and has a role in regulating the immune cells in the tumor
microenvironment [172,173]. CEACAM1 is downregulated prior to resistance development [174],
suggesting that it may be a future target for the treatment of BRAF inhibitor-resistant melanoma.

In addition to the changes within the tumor cell, secreted soluble factors originating from
macrophages in the tumor microenvironment contribute to resistance, including tumor necrosis
factor-α (TNF-α) and vascular endothelial growth factor (VEGF), which contribute to tumor cell
growth and invasion, and further infiltration of macrophages and T-lymphocytes into the tumor
microenvironment [175,176].
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3.4. Overcoming Resistance via Treatment Combinations

The standard of care for BRAF-mutated melanoma is now the combination of BRAF inhibitors
and MEK inhibitors [7,8], as there is considerable high-quality evidence from randomized comparative
studies that this approach prolongs progression-free survival (PFS) and overall survival (OS) compared
with BRAF inhibitor monotherapy [177–187]. Some patients are able to achieve a durable response
lasting ≥ 5 years with such combinations [183,186].

MEK inhibitors block the MEK/ERK signaling pathway that is activated in cells during treatment
with BRAF inhibitors, thereby delaying the development of resistance and increasing the duration
of response [188,189]. MEK inhibitors also suppress the production of PD-L1 [167], and so help to
suppress immune activation that occurs during BRAF inhibition. The most extensively researched
BRAF inhibitor + MEK inhibitor combinations are vemurafenib + cobimetinib [178], dabrafenib +

trametinib [184,185,187,190–192], and encorafenib + binimetinib [179,180].
While there are no head-to-head comparisons of these combinations, some differences do exist.

Encorafenib has the highest paradox index of the three BRAF inhibitors [193]. This index is a ratio of
the EC80 for ERK activation relative to the IC80 of BRAF inhibitor-resistant cell growth, and provides a
measure of the therapeutic window for antitumor activity before paradoxical ERK activation [193].
The paradox index of encorafenib is 50, compared with 10 for dabrafenib and 5.5 for vemurafenib.
This difference may help to explain the higher efficacy of encorafenib monotherapy compared with
vemurafenib monotherapy in the COLUMBUS study [180].

Although these combinations have not been directly compared, the combination of encorafenib +

binimetinib was associated with numerically longer OS and PFS in the COLUMBUS study than was
seen with vemurafenib + cobimetinib in the coBRIM study or dabrafenib + trametinib in the COMBI-v
study [181]. While the overall rate of adverse events with each combination was similar, encorafenib +

binimetinib was associated with a lower incidence of pyrexia compared with dabrafenib + trametinib
and of photosensitivity compared with vemurafenib + cobimetinib [181].

Once patients progress after BRAF inhibitor + MEK inhibitor treatment, the recommended
second-line approach is immunotherapy with an immune checkpoint inhibitor [7]. Some patients who
progress on BRAF inhibitor treatment may benefit from a rechallenge with BRAF inhibitor + MEK
inhibitor therapy [192].

Preliminary (phase Ib and II) clinical trials have been conducted using triple therapy with a BRAF
inhibitor + MEK inhibitor + PD-L1 inhibitor in mostly BRAF inhibitor-naïve patients, with high rates of
response (63–73%) [194–196]. In the comparative phase II study, triplet therapy prolonged PFS compared
with the BRAF inhibitor + MEK inhibitor doublet combination (median 16.0 vs. 10.3 months; p = 0.043),
but was associated with more than two times the rate of grade 3 or 4 adverse events (58.3% vs. 26.7%) [194].

The diversity of genetic changes driving resistance, and the inter- and intra-individual
heterogeneity of resistance-associated mutations complicates treatment of BRAF inhibitor-resistant
melanoma [130,197,198]. One potential approach is to silence the expression of specific genes using
small interfering RNA (siRNA) [199]. However, the clinical application of this approach is hampered
by difficulties in delivering siRNA into the cytoplasm of tumor cells without the use of viral vectors,
which can cause mutation, immune activation, or inflammation [200]. To the best of our knowledge,
none of the non-viral vectors for siRNA have reached clinical investigation in melanoma.

In addition to heterogeneous genetic changes, there are a range of phenotypic adaptations to
BRAF inhibition, indicating that several alternative signaling routes are involved in overcoming BRAF
resistance [201]. Because BRAF inhibitor-resistant cells have developed a range of ‘escape routes’, it is likely
that multiple different treatment targets will be required to overcome resistance. Therefore, researchers
have investigated targeting node points in the activated pathways. Based on the activation/overexpression
of transmembrane receptors or RTKs and activation of alternative signaling pathways, some of the
novel combinations being tested in vitro include BRAF inhibitors with: TGF-β receptor inhibitors [154],
inhibitors of growth factor receptors or RTKs (e.g., gefitinib, sorafenib, dovinitib) [28,53,202–204],
PI3K/mTOR inhibitors [18,101,205–216], bifunctional MAPK/PI3K antagonists [217], anaplastic lymphoma
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kinase (ALK) inhibitors [35], novel MEK and/or aurora kinase inhibitors [218–222], MAPK activators [223],
glucocorticoid receptor antagonists [224], CDK4/6 inhibitors [225], ERK1/2 inhibitors [226,227],
CRAF inhibitors [24], pan-RAF inhibitors [228–230], heat shock protein (HSP) inhibitors [231–237], or MCL1
inhibitors [238]. However, few of these combinations have been investigated clinically.

One of the few combinations to be investigated in clinical trials is the combination of a BRAF
inhibitor (vemurafenib) with an HSP90 inhibitor (XL888) [239]. This combination was tested in an
open-label phase I study in 21 patients with BRAF V600E-mutated metastatic melanoma, but none
of the patients had received BRAF inhibitors before, so none had acquired resistance. The objective
response rate in the 20 evaluable patients was 75%, with three complete responses and 12 partial
responses, and the 1-year OS rate was 60% [239]. The most common grade 3 adverse events were
skin toxicities (rash, squamous cell carcinoma, and new primary melanoma), diarrhea, headache,
and fatigue [239]. The authors reported that they will be undertaking another clinical trial with the
triplet combination of vemurafenib, cobimetinib, and XL888, but note that reduced doses of the BRAF
and MEK inhibitors may be needed to limit toxicity with this combination [239].

Epigenetic mechanisms may be targeted by inhibiting key transcription factors, such as WNT5 or
STAT3 [134,135,222,240], or by the use of microRNA mimetics [59] or HDAC inhibitors [111,163,241–245].
HDAC inhibitors have also been investigated in combination with a CDK inhibitor with promising
in vitro and in vivo activity [233,244,246]. A single-arm, open-label, proof-of-concept study is underway
in the Netherlands to investigate the effect of the HDAC inhibitor vorinostat in patients with BRAF
V600E-mutated resistant melanoma (NCT02836548) [247]. Patients who progress on treatment with
a BRAF inhibitor and/or a combination of a BRAF inhibitor + MEK inhibitor will receive 14 days of
treatment with vorinostat, before reinitiating their earlier BRAF/MEK inhibitor treatment. The aim of
the study is to see whether vorinostat can purge the resistant clones and re-establish responsiveness to
BRAF/MEK inhibitor treatment [247].

Agents targeting the immune system are also being investigated for the treatment of BRAF
inhibitor resistance. As described earlier, the use of immune checkpoint inhibitors in combination
with a BRAF inhibitor + MEK inhibitor appears to be effective but is associated with a high rate of
toxicity [194]. Other potential immune-targeted therapies undergoing preclinical investigation include
adoptive T-cell therapy [171,248,249], dendritic cell vaccination [250], and combining BRAF inhibitor
treatment with a toll-like receptor 7 agonist (e.g., imiquimod) [160].

A considerable number of preclinical studies are investigating other novel targets for
overcoming BRAF inhibitor resistance. These include combining BRAF and/or MEK inhibitors
with inhibitors of pre-mRNA splicing (to counteract resistance caused by BRAF splicing) [251],
BH3-mimetics [252,253], BCL2 inhibitors [254], mitochondrial-targeted agents [255,256], inhibitors of
p90 ribosomal S6 kinases [257,258], pro-caspase activating compounds [259], Rho kinase 1 (ROCK1)
inhibitors [260], protein kinase Cδ inhibitors [261], tubulin inhibitors [262], ErbB2 or ErbB3 inhibitors [222,263,
264], activators of the liver-X nuclear hormone receptor [265], an antibody conjugate targeting the endothelin
B receptor [266], monoclonal antibodies against chondroitin sulfate proteoglycan 4 [267], inhibitors of
sterol regulator element binding protein I (SREBP-1) [268], copper chelators [269], polo-like 3 kinase
inhibitors (including in models of BRAF + MEK inhibitor resistance) [270,271], anti-nodal antibodies [272],
PAK1 inhibitors [273], GLI1/2 inhibitors [274], inhibitors of IQ motif-containing GTPase activating protein
1 (IQGAP1) [275], serotonin agonists [276], CK2 inhibitors [277], p53 activators [278], metformin [279],
statins [280], non-steroidal anti-inflammatory drugs [281], mibefradil [282], hydroxychloroquine (an
autophagy inhibitor) [83], and A100 (a reactive oxygen species-activated prodrug) [283].

4. Future Directions

As described above, considerable research is being undertaken to identify potential new
combinations of treatments that may limit or prevent the development of BRAF inhibitor resistance,
or overcome resistance once developed. In addition to this, investigations are underway to improve
existing therapies, such as employing nanovehicle technology to enhance the safety or targeted
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delivery of drugs, which may enable the use of higher doses or more potent combinations of existing
agents [284,285]. Preclinical studies have investigated the encapsulation of MEK inhibitors in pegylated
nanoliposomes for oral administration [284], or the topical administration of BRAF inhibitor-loaded
nanovehicles into melanoma lesions using a microneedling technique [285].

The multiplicity of potential targets raises the possibility of using genomic and proteomic data
to personalize combination therapy towards the specific pathway that is activated during BRAF
inhibitor resistance in individual patients with melanoma [211]. Investigators are developing an MAPK
pathway activity score from aggregated gene expression data that could help to determine the best
drug combination to use [64], but further validation is needed.

5. Conclusions

Given the complexity and heterogeneity of pathways involved in BRAF inhibitor resistance,
a ‘one size fits all’ approach to overcoming acquired resistance is unlikely to succeed. However,
the plethora of research in this field means that multiple promising leads are being identified and
investigated, which bodes well for the development of new treatment approaches for patients with
acquired BRAF inhibitor resistance.
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Simple Summary: Around 50% of patients with uveal melanoma (UM) still develop metastatic
disease. Despite recent advances in the diagnosis and prognosis of UM, improvements in overall
survival have not been achieved. At present, there is no available standard of care for adjuvant and
metastatic settings. The aim of our review article was to discuss the latest advances in understanding
the molecular mechanisms underlying uveal melanoma and novel treatment options for metastatic
disease. We provided a detailed analysis of the most recently published works in the Literature along
with a number of ongoing clinical trials for adjuvant and metastatic treatment of uveal melanoma.
New insights into the pathogenesis of UM and promising results from the study of innovative tailored
therapies could offer viable opportunities for translating in clinical practice.

Abstract: Uveal melanoma (UM) is the most common intraocular cancer. In recent decades,
major advances have been achieved in the diagnosis and prognosis of UM allowing for tailored
treatments. However, nearly 50% of patients still develop metastatic disease with survival rates
of less than 1 year. There is currently no standard of adjuvant and metastatic treatment in UM,
and available therapies are ineffective resulting from cutaneous melanoma protocols. Advances and
novel treatment options including liver-directed therapies, immunotherapy, and targeted-therapy
have been investigated in UM-dedicated clinical trials on single compounds or combinational
therapies, with promising results. Therapies aimed at prolonging or targeting metastatic tumor
dormancy provided encouraging results in other cancers, and need to be explored in UM. In this
review, the latest progress in the diagnosis, prognosis, and treatment of UM in adjuvant and metastatic
settings are discussed. In addition, novel insights into tumor genetics, biology and immunology,
and the mechanisms underlying metastatic dormancy are discussed. As evident from the numerous
studies discussed in this review, the increasing knowledge of this disease and the promising results
from testing of novel individualized therapies could offer future perspectives for translating in
clinical use.

Keywords: uveal melanoma (UM); metastatic uveal melanoma (mUM); prognostication;
adjuvant therapy; metastatic therapy; metastatic dormancy; liver-directed-therapies; immunotherapy;
targeted-therapy; combined therapy

1. Introduction

Uveal melanoma (UM) is the most common intraocular malignancy. UM originates from melanocytes
of the uveal tract of the eye, including the iris, ciliary body, and retinal choroid. Despite successful
control of the primary tumor and the significant improvements in early identification of patients at risk
of metastatic progression, metastatic disease still occurs frequently and is invariably lethal. In addition,
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to date, there is no available standard of care for the treatment of metastatic UM (mUM). Current treatment
protocols are mainly adapted from cutaneous melanoma, although they differ in terms of clinical and
genetic profile, and ocular melanoma is often excluded from most clinical trials.

In recent decades, the increasing understanding of tumor genetics, biology, and immunology
has allowed for a better insight into the pathogenesis of UM; as a consequence, several clinical trials
have been performed to investigate novel therapeutic targets for the treatment of UM in an attempt to
change the disease course.

In this paper, we reviewed recent advances in diagnosis, prognosis, and innovative treatment
options for UM in adjuvant and metastatic settings, and perspectives for translating in clinical practice.
Special emphasis was directed towards the mechanisms underlying metastatic dormancy and related
therapeutic applications, as promising preventative strategies for metastatic growth.

2. Epidemiology and Uveal Melanoma Characteristics

UM is a relatively rare malignancy accounting for 5.3% of all melanoma cases recorded in the
USA [1]; however, it represents the most common primary intraocular cancer in adults. Among ocular
melanomas, 85% originates from the uvea, 4.8% from the conjunctiva, and the remaining 10.2% from
other sites [1]. UM mostly arises from melanocytes located in the choroid (90%) and to a lesser extent
in the iris (4%) and ciliary body (6%) [2]. The annual overall incidence of UM remained stable in recent
decades at approximately 5.1 cases per million individuals in the USA and between 1.3 and 8.6 cases
per million in Europe [3–10]. The disease is more frequent in Caucasian ethnicity, with a median age of
presentation of approximately 60 years and 30% greater incidence in males [3–5,7,11–13]. Most relevant
predisposing factors for the development of UM are the presence of dysplastic nevus syndrome,
choroidal nevi, ocular or oculodermal melanocytosis, familial syndromes including germline BAP1
(BRCA1-associated protein 1) mutations, and neurofibromatosis [14–17]. Of note, cutaneous melanoma
is not a risk factor for UM [18,19]. One in 8000 choroidal nevi transform into melanoma. The elements
suggestive of a malign lesion are listed in Table 1 [20–22]. The chance of transformation is 4% if any
characteristic is present, and it is more than 50% if three or more features are combined [20,21]. Choroidal
nevi that do not exhibit any malignant feature require initial monitoring twice a year and then once a
year if stability persists. Those showing 1 or 2 features need strict monitoring at least every 4–6 months,
while those with 3 or more features should be referred to a specialized center for possible primary
treatment and prognostic stratification [20,21]. According to the Collaborative Ocular Melanoma Study
(COMS), the diagnosis of UM can be exclusively clinical, with a clinical misdiagnosis rate of only
0.48% [23]. However, other studies highlight the importance of fine-needle aspiration biopsy (FNAB) for
diagnostic accuracy in selected cases [24]. In recent decades, treatment of primary UM has been evolving
from enucleation towards effective eye-conserving modalities inclusive of radiation, surgical, and laser
therapy [25]. However, the five-year survival rate has not registered substantial improvements during
the past four decades, and it is still estimated at 70–80% irrespective of the type of treatment [4,9,26–30].
Radiotherapy and surgery achieve local disease control exceeding 90%, but approximately 50% of
patients ultimately develop metastases, with UM showing a considerably worse prognosis than its
cutaneous counterpart [4,26,31–33]. The estimates of metastatic progression are reported from 32% at
5 years, to 50% at 15 years, and 62% at 35 years [26]. The uveal tract is rich in vascular structure, and UM
is peculiar for its almost exclusive dissemination via the hematogenous route with a propensity for the
liver as the first site of metastasis in over 90% of cases. However, conjunctival lymphatic infiltration
following direct invasion of the sclera has also been described [34]. The main predictors of metastatic
progression of UM include clinical (tumor thickness and basal diameter, ciliary body involvement,
degree of extraocular extension), histopathologic (epithelioid cytomorphology, infiltrating lymphocytes
and macrophages, fibrovascular loops and networks, high mitotic activity), and genetic factors [35–40].
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3. Prognosis of UM

Recent studies showed that UM characterization based on cytogenetics and gene expression
profiling (GEP) significantly improved the prognosis in UM [38,41–45]. As consequence, great efforts
have been made to identify karyotype or gene alterations which are associated with higher tendency to
metastatic spread.

Based on the increased understanding of UM genetics, some authors proposed integrating the
American Joint Committee on Cancer (AJCC) Tumor-Node-Metastasis (TNM) clinical staging system
with genetic parameters to improve the prediction of metastatic progression [39,46–50]. These studies
showed that the prognostic significance of tumor basal diameter was considerably enhanced when
considered together with chromosome mutational profile and histological grade, leading to UM
clustering into low/high-risk models from large cohort studies [39,46,47,50]. Likewise, the group of
Vaquero-Garcia developed a model for personalized Prediction of Risk of Metastasis in UM (PRiMeUM)
based on clinical and chromosomal information, showing 85% prediction accuracy [48]. Concomitantly,
efforts were dedicated to the study of classifications solely based on genetic data [43–45,51]. Recently,
The Cancer Genome Atlas (TCGA) classification has been proposed to improve the identification of
high-risk patients for metastatic disease with respect to an AJCC-TNM clinical staging system [52].
Specifically, the TCGA project, starting in 2005, was designed to conduct an expression analysis of
mRNA, micro RNA, and long noncoding RNA and catalog genetic mutations of 33 different cancer
types, including UM [53]. Based on TCGA results of chromosome 3 disomy or monosomy and degree
of chromosome 8q gain, UM was categorized into 4 classes (A, B, C, and D) of progressive worsening
prognosis [51]. Tumor clinical features and outcomes of metastatic risk and death were evaluated
in a large sample of UM categorized on the basis of TCGA system, and the more advanced classes
corresponded to older age, greater tumor size, and worst prognosis [54].

Cytogenetic Alterations in UM

The most studied karyotype alterations in UM include chromosome 3 and 8. Chromosome 3
complete monosomy is the most frequent karyotype abnormality observed in almost half of all
UM [38,55–57]. The presence of this monosomy is associated with a five-year survival rate of 39%,
whereas a 90% five-year survival rate is observed for UM without monosomy 3 [58]. Interestingly,
BRCA1-associated protein-1 (BAP1) is a tumor-suppressor gene placed on chromosome 3, and it is
mutated in 47% of primary UM and up to 91% of metastatic UM [59–64]. The splicing factor 3B
subunit 1 (SF3B1) is consistent with disomy 3 and shows more favorable prognosis, although an
association with delayed metastases has been reported [65–67]. Eukaryotic translation initiation factor
1A, X-linked (EIF1AX) gene mutations are also described along with SF3B1 in UM with disomy 3,
but metastatic tendency is less frequent [68]. Among other chromosome alterations, rearrangements
in chromosome 8q have been described in approximately 40% of UM. Specifically, UM with normal
8q profile have 93% five-year survival, while those with one additional copy have 67% and those
with 8q amplification have 29% [58,69]. A recent study on 1059 UM patients over 8 years follow-up,
showed that the concurrent presence of 3 complete monosomy and 8q gain resulted in an increased
risk of metastasis and death [43]. Interestingly, the most severe mutational events consisting of
chromosome 3 loss and chromosome 8q gain correlated positively with ciliary body involvement,
tumor thickness and basal diameter, proximity to the optic disc, extraocular spread, epithelioid cells,
and age [70]. This evidence suggests that early intervention, when tumor growth is limited and the
genetic profile more favorable, could prevent tumor dedifferentiation into a more aggressive type [54,70].
Further cytogenetic aberrations associated with an increased risk of distant recurrences include 1p loss,
6q loss, and 8p loss [71,72]. Due to advances in knowledge on cancer biology, over the last two decades,
genetic tests are routinely performed in clinical practice, ranging from single chromosome 3 evaluation
to arrays of analyses for chromosomes 1, 3, 6, and 8 and GEP. However, both cytogenetic testing and
GEP for prognosis of UM require invasive procedures to harvest the specimens from either enucleation
or intraoperative FNAB [44,73–76]. Specifically, among cytogenetic tests, analysis of a karyotype
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using fluorescence in situ hybridization (FISH) and the array comparative genomic hybridization
(aCGH) allows for the detection of translocations and partial deletions of the chromosome 3 and
requires a large amount of tissue with a technical failure rate with FNAB of approximately 50% [77,78].
Among other genetic analyses, multiplex ligand-dependent probe amplification (MLPA) consists of
31 probes to analyze loci on chromosomes 1p, 3, 6, and 8 and, thus, to identify high- and low-risk
patients. Similar to FISH and aCGH, MLPA requires large tissue samples with increased risk of
biopsy complications [47]. An alternative cytogenetic method requiring a lower number of samples
is represented by microsatellite analysis (MSA). This technique combines fluorescent probes with
PCR, and has proven accurate for the identification of aberrations on chromosome 3, but not for
those on chromosomes 8 and 6 [57]. Besides these limitations, cytogenetic tests are prone to sampling
errors in UM due to its dense cellularity and elongated nuclei that weave in and out of the plane
of section, and to significant intratumoral heterogeneity [47,79,80]. GEP, using an RNA-based assay,
currently represents the gold standard in molecular prognosis. This test has a technical failure rate
of only 3%, and can be performed on fine-needle biopsies even when the quantity of RNA is below
detectable limits. It allows for the categorization of UMs in Class 1 and Class 2 based on low and
high risk of metastatic potential, respectively [44,45]. The prognostic accuracy of GEP classification
has proven superior over cytogenetic methods, and this would be related to the heterogeneous
distribution of chromosomal markers throughout the tumor. GEP analysis is indeed very sensitive for
detecting the proper class signature in heterogeneous tumors as it performs simultaneous evaluation
of several genes representative of the tumor microenvironment [45]. There is evidence reporting
that GEP is more capable of capturing the overall tumor functional complexity than a chromosomal
marker [47,80]. The group of Onken et al. developed a clinically feasible platform for analyzing GEP
by a 15-gene PCR-based assay [81]. This assay is now commercially available in the United States
as DecisionDx-UM® (Castle Biosciences, Friendswood, TX, USA), and it is highly accurate, easy to
interpret, and independent from additional analyses. In detail, GEP Class 1 is subdivided into class 1A
and class 1B, with 2 and 21% five-year metastatic risk, respectively, whereas GEP Class 2 is associated
with a five-year metastatic risk of 72% [66,82]. Recently, GEP classification has been revised based
on PRAME (preferentially expressed antigen in melanoma) status. PRAME has been reported as an
independent prognostic biomarker for UM that identifies increased metastatic risk in patients with
Class 1 or disomy 3 tumors. When combined with a 12-gene expression panel, PRAME messenger-RNA
expression predicted a five-year metastatic rate of 0 in class 1/PRAME−, 38% in class 1/PRAME+,
and 71% in class 2 tumors. Interestingly, PRAME+ status was positively correlated with larger
tumor diameter after analysis of the TCGA Research Network dataset. PRAME expression positively
correlated with larger tumor diameter and SF3B1 mutations as well as gain of 1q, 6p, 8q, and 9q and
loss of 6q and 11q [83].

4. Adjuvant Therapies and Surveillance of UM

Despite significant advances in prognosis and identification of high-risk patients, adjuvant systemic
treatments effective in preventing metastases or improving outcomes in UM are not yet available in
clinical practice [84,85]. Therefore, intensified surveillance appears crucial for the early detection of
oligometastatic disease manageable with liver-directed therapies, as well as to enroll patients eligible
for clinical trials [86]. Specifically, patients identified at a high-risk of metastatic progression based
on cytogenetics or GEP should have six-monthly life-long surveillance including a clinical review,
nurse specialist support, and liver-specific imaging by a nonionizing modality [87]. It is reported that
magnetic resonance imaging (MRI) obtained every six months is capable of detecting the metastases
before the onset of symptoms in 92% of cases [86]. A few adjuvant therapy trials have been tested
in UM based on favorable results in cutaneous melanoma. A randomized controlled clinical trial
investigated the effects of dacarbazine (DTIC)—an intravenous alkylating agent—demonstrating no
survival advantage over observation in UM [88]. Likewise, a randomized study on methanol-extraction
residue of bacille Calmette-Guérin (BCG) reported no benefit in improving the survival rate [89].
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Two nonrandomized studies failed to demonstrate beneficial effects on survival rate with systemic
adjuvant low-dose interferon-alpha (IFN-α) compared with matched historical controls [90,91].
Fotemustine, an alkylating agent with high hepatic uptake, has been studied as an adjuvant therapy
for UM by intra-arterial hepatic delivery, with a trend towards improved survival but not statistical
significance compared with matched historical controls [92]. However, these adjuvant studies were
conducted before the introduction of molecular methods of prognosis. In this respect, a multicenter
randomized phase III clinical trial (FOTEADJ) based on genomic analysis in high risk UM patients
treated with adjuvant fotemustine versus observation was performed, but it was stopped earlier
for futility [93]. Similarly, a nonrandomized prospective phase II clinical trial designed to evaluate
sequential low-dose DTIC and IFN-α-2b in cytogenetic high-risk patients was completed, but it failed
to reach the primary outcome of progression free survival (PFS) or overall survival (OS) increase at
five-year follow-up [94]. Novel classes of molecules have been investigated in the adjuvant setting for
UM with promising results. The tyrosine-kinase receptors c-Met and c-Kit are highly expressed in UM
and activate the Ras/Erk, and PI3-kinase pathways following binding to the hepatocyte growth factor
(HGF) and stem cell factor (SCF), respectively. These pathways have been definitely demonstrated to
be involved in cancer occurrence and progression [95]. Crizotinib—a tyrosine-kinase inhibitor that
inhibits the phosphorylation of c-Met—was shown to significantly reduce the development of distant
metastases in a murine model of metastatic UM when compared with an untreated control group [96].
Of note, crizotinib is currently under evaluation in patients with UM [97]. A retrospective cohort
study based on adjuvant sunitinib—a tyrosine-kinase inhibitor that inhibits c-Kit—and conducted
in high-risk patients stratified according to cytogenetics and GEP, resulted in three- and five-year
improvement of OS estimates [98]. To confirm such results, a phase II pilot clinical trial evaluating
sunitinib, tamoxifen, and cisplatin in patients with high-risk ocular melanoma is ongoing [99]. Similarly,
a randomized, noncomparative phase II clinical trial investigating sunitinib and the histone deacetylase
(HDAC) inhibitor, valproic acid, for high-risk tumors in an adjuvant setting is currently ongoing [100].
The assumption for using HDAC inhibitors in the adjuvant setting for UM is based on their ability to
reverse the phenotypic effects of BAP1 loss in cultured UM cells [101,102]. Another interesting approach
for the treatment of UM is the use of adjuvant dendritic cell (DC) vaccination. An open-label phase II
clinical trial was performed to investigate immunologic responses after adjuvant DC vaccination in
patients defined at high-risk based on cytogenetics. This study showed an increase in OS in patients
with a detectable tumor antigen-specific immune response [103]. In addition, a multicenter, randomized,
two-armed, open-label phase III study to evaluate the adjuvant vaccination with tumor RNA-loaded
autologous DCs in patients with resected monosomy 3 UM is currently ongoing [104]. A similar phase
I/II study on mRNA transfected autologous DCs in high-risk uveal melanoma patients has recently been
closed due to slow accrual [105]. Immunotherapy with monoclonal antibodies, such as antiprogrammed
cell death protein 1 (PD-1) nivolumab, anticytotoxic T-lymphocyte-associated Protein 4 (CTLA-4)
ipilimumab, and anti lymphocyte activation gene 3 (LAG-3) relatlimab, modulated the immune
responses in the tumor microenvironment and interfered with tumor growth and spread [106,107].
A small sample size phase I/II pilot trial of adjuvant ipilimumab in high-risk primary uveal melanoma
demonstrated that 80% of patients were disease-free at 36 months [108]. A randomized phase II
trial, evaluating nivolumab with or without ipilimumab or relatlimab in neoadjuvant and adjuvant
settings, is currently ongoing in patients with AJCC stage IIIB–IV posterior UM [109]. Similarly,
a phase II single-arm multicenter study to evaluate the effects of adjuvant ipilimumab treatment in
combination with nivolumab in subjects with high-risk UM is currently recruiting [110]. An innovative
approach is represented by prophylactic radiation therapy to the liver; however, a phase II trial on
external-beam hepatic irradiation in high-risk patients has recently been closed for lack of accrual [111].
Moreover, there is recent evidence of potent antitumor effects in UM cells following nonselective
beta-blocker administration, and concurrent expression of β1 and β2 adrenoceptors in UM specimens.
These findings suggest that further investigation is needed in the context of clinical trials for adjuvant
scope [112]. Current clinical trials in the adjuvant setting are summarized in Table 2.
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Table 2. Current adjuvant trials in uveal melanoma.

Clinical Trials N Tested Agent and Mechanism of Action Phase Status

NCT02223819 Crizotinib (c-Met inhibitor) II Recruiting
NCT02068586 Sunitinib (c-Kit inhibitor) vs. Valproic acid (HDAC inhibitor) II Recruiting

NCT00489944 Suntinib (c-Kit inhibitor) + Tamoxifen (estrogen receptor
modulator) + Cisplatin (alkylating agent) II Unknown

NCT01983748 Dendritic cell vaccination (immunotherapy) III Recruiting
NCT00929019 Dendritic cell vaccination (immunotherapy) I/II Terminated, slow accrual

NCT02519322 Nivolumab (anti-PD1) with or without Ipilimumab
(anti-CTLA4) or Relatlimab (anti-LAG3) II Recruiting

NCT03528408 Ipilimumab (anti-CTLA4) + Nivolumab(anti-PD1) II Recruiting
NCT02336763 Prophylactic External-Beam Radiation Therapy to the liver II Terminated, lack of accrual

5. Metastatic Dormancy and Therapeutic Opportunities

A proportion of only 1–2% of patients with UM presents metastatic disease at the time of
diagnosis [113,114]. However, mathematical models of cell doubling times and direct histopathologic
evaluation suggest that UM hepatic micrometastases would be present since the time of initial
diagnosis [115–118]. The identification of circulating tumor cells in the bloodstream of patients
clinically free of metastasis supports this consideration [117,119]. It is worth noting that early
detection and primary treatment showed to have an impact on disease-related morbidity but not
on patients’ OS [7,118,120,121]. Moreover, there is evidence that UM liver metastases may remain
stable for years until an exponential proliferation occurs [122]. Based on these observations, a growing
interest has been focused in the study of the mechanisms underlying UM cell dormancy in the
liver and potential ways to prolong or specifically target them [115–118]. The identification of the
key factors involved in the transition to rapidly growing tumors is crucial for the development of
novel therapeutic strategies in order to prolong metastatic dormancy or eliminate dormant cancer
cells in a controlled fashion. In fact, the state of dormancy confers refractoriness to conventional
therapies aimed at targeting rapidly proliferating cells. Several studies have been performed to
identify novel therapeutic targets able to control or eliminate metastatic dormant cells in different
cancers; however, metastatic dormancy has not yielded appropriate clinical investigation in melanoma,
and specifically in UM. Dormant tumor cells are supposed to be in a quiescent state, prevented from
proliferating exponentially due to blockage of the cell cycle. The dormancy of disseminated tumor cells
is supposed to be the result of a balance between anti- and protumorigenic immune and inflammatory
responses, failure in activating the angiogenic switch, genetic modulation by metastasis suppressor
genes (MSGs), and associated signaling pathways [123–125]. The arrest of circulating cancer cells
adhering to the sinusoidal endothelium of the hepatic lobules leads to avascular micrometastasis
development in periportal areas [126]. Simultaneously, tumor lytic M1 phenotype macrophages
are recruited along with activated hepatic stellate cells (HSCs) secreting extracellular matrix and
proinflammatory mediators [126–128]. The paracrine signaling on UM cells would then lead to a
reduction in D-type cyclin and a deregulation in the interaction of the cyclin-dependent kinases (CDKs)
with the CDK inhibitors (CKIs), with consequent arrest of UM cells proliferation [129,130]. The potential
to evade the immune system in cancer is associated with increasing tumor genetic instability and
related reduction in immunogenicity following progression [119,122]. In accordance, CD4+ tumor
infiltrating lymphocytes (TILs) and CD8+ TILs have been described in advanced metastatic disease
with perivascular and peritumoral distribution, respectively. Thus, suggesting their inability to
infiltrate the tumor mass as disease progresses [127,131,132]. Furthermore, a clear prevalence of
proangiogenic and protumorigenic M2 phenotype macrophages has been demonstrated within hepatic
mUM in late stages of the disease [127,131]. Interestingly, BAP1 loss has recently been correlated with
upregulation of several genes associated with suppressive immune responses and, at the protein level,
with entrapment of infiltrating immune cells within peritumoural fibrotic areas surrounding mUM [62].
There is evidence suggesting that dormant cells express mutant neoantigens, which can occur naturally
or rather derive from treatment [133,134]. The low frequency of naturally occurring neoantigen-specific
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T cells clones, anyway, has favored the advent of specific adoptive T-cells transfer therapies [135,136].
Adoptive T-cells transfer therapies may be of interest for UM since the primary tumor originates in the
immune-privileged environment of the eye, and it may present tumor neoantigens for which the host’s
immune system is not prepared. T-cells targeting glycoprotein gp100 were tested for this scope in vitro
and in vivo in human UM, demonstrating homing to the eye and effective tumoricidal function [137].
Recently, cell-based vaccines modified to express MHC II alleles syngeneic to the recipient and the
costimulatory molecule CD80 have been studied in UM. These vaccines were capable of activating
CD4+ T cells specific to uveal melanoma neoantigens, that in turn reacted with primary UM cells and
cross-reacted with mUM cells. Moreover, CD4+ T cells activated CD8+ T cell-mediated immunity
against primary and mUM cells [138]. In addition, IFN-γ production by CD4+ T cells activated
by UM vaccines, promoted an antitumor response by inhibiting neovascularization and tumor cell
proliferation, as well as upregulating tumor-expressed MHC molecules [138]. In detail, IFN-γ showed
the ability to mediate long-term cell growth arrest in vitro and in vivo nude mice models via STAT1
and p27-dependent mechanisms, and it also raised the hypothesis of inducing specific T-cells capable of
IFN-γ production upon recognition of tumor cells [139–141]. For this purpose, a phase I/II clinical trial
to evaluate the efficacy of immunotherapy with TILs in combination with intratumoral injections of
IFN-γ-adenovirus in cutaneous metastatic melanoma is ongoing [142]. Moreover, a study investigating
tumor microenvironment, demonstrated that the use of low doses of the anti-VEGF receptor 2
(VEGFR2) antibody was able to polarize the immune inhibitory M2-like phenotype towards the immune
stimulatory M1-like phenotype and to recruit CD4+ and CD8+ T-cells. These mechanisms suggested
that low-dose antiangiogenic treatment in adjunct to vaccine therapy could enhance anticancer
efficacy [143]. Among other factors regulating the awakening of dormant cells, the angiogenetic
sprout allowing the shift from prevascular to highly vascularized lesions is known to play a critical
role [123]. The group of Grossniklaus et al. identified pseudo-sinusoidal spaces between the sinusoidal
endothelium and hepatocytes (space of Disse), developing from stellate cells to nourish large infiltrative
pattern metastases [144,145]. The hepatic fibrosis/stellate cell activation and the mTORC1/S6K signaling
axis have been fully characterized while profiling secretome from high-risk metastatic UM compared
to normal choroidal melanocytes [146]. In a study on GEP analysis in experimental animal models
of different human types of cancer, a downregulation of angiogenesis inhibitor thrombospondin
and decreased sensitivity to angiostatin in switched fast-growing versus dormant tumors were
described [147]. Other genes associated with the angiogenic process were observed to contribute to
tumor dormancy, including tropomyosin, transforming growth factor beta 2 (TGF-b2), Eph receptor
A5 (EphA5), histone H2BK, proline 4-hydroxylase alpha polypeptide I, and insulin-like growth factor
binding protein 5 (IGFBP-5) [123]. Several studies not including UM investigated the role of MSGs
in preventing the formation of metastases and favoring dormancy [124,125,141,148–159]. Specifically,
the MSGs KISS1, RhoG-DI2, and Nm23-H1 showed to be able to suppress the development of distant
metastases without significantly affecting tumor growth at the primary site [124,125]. Interestingly,
MSGs rarely mutate, and their downregulation in highly metastatic tumors would rather be associated
with epigenetic modifications. In this regard, possible therapeutic targets could be represented by
DNA methyl-transferases and histone deacetylases [102,160,161].

6. Treatment of Metastatic Disease

UM patients with metastatic disease are hardly candidates for curative treatments, with a
reported 15% one-year survival and an average life expectancy varying in literature from 6 to
12 months [1,2,6,26,30]. There is currently no standard of care for the treatment of mUM, and available
treatments are mostly adapted from cutaneous melanoma protocols in spite of their different clinical
and genetic profiles [162]. Furthermore, patients presenting with ocular or mucosal melanoma are
frequently excluded from clinical trials. Thus far, systemic chemotherapy has provided poor response
rates (0–15%) in clinical trials for UM metastatic disease [163–165]. Liver-directed therapies have
shown limited improvements in response rates, but no benefit in OS [166–169]. Unlike the positive
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results achieved in the treatment of metastatic cutaneous melanoma, immunotherapy and targeted
therapies have failed to improve OS in metastatic UM.

6.1. Chemotherapy

Systemic chemotherapy, adopted from cutaneous melanoma, has been evaluated in the
context of single-arm phase II studies in mUM as monotherapy, including dacarbazine,
temozolomide, fotemustine, and docosahexaenoic acid (DHA)-paclitaxel, or combined treatments
(BOLD regimen+interferon α-2b, dacarbazine and treosulfan or cisplatin, gemcitabine and treosulfan,
cisplatin, dacarbazine and vinblastine). Similar response rates of less than 15%, PFS limited to
4 months, and OS of no more than 12 months were reported [163–165,170–173]. Moreover, significant
hematological, pulmonary and neurological toxicities were observed. Therefore, research is rather
addressed to the development and testing of targeted and immune therapies, as well as liver
locoregional approaches.

6.2. Liver-Directed Therapies

The liver is the first and the sole site of metastatic spread in more than 50% of mUM patients,
and liver-directed therapies including surgical resection, regional perfusion, and embolization have
been investigated in patients with mUM confined to the liver [26]. Available knowledge on the efficacy
of liver-directed therapies is mostly based on down-sized, retrospective, single-institution studies.
A recent meta-analysis determining benchmarks of PFS and OS for mUM suggested more favorable
outcomes with liver-directed therapies compared with chemotherapy, immunotherapy, and targeted
therapy, even after adjusting for prognostic factors [174].

6.2.1. Surgery

It is reported from retrospective cohort studies that surgical resection of oligometastases is effective
for curative intent in mUM. Curative (R0) resection is the most important positive prognostic factor
following liver resection [87]. However, only 5–10% of patients are candidates for surgery based on
liver metastase distribution and size [175–177]. Comparative studies in patients with mUM showed
that median OS ranges between 10 and 35 months in patients treated with surgery (differing between R0
resection or debulk of metastases), between 9 and 15 months with any systemic treatment, and between
2 and 6 months with the best supportive care, from comparative studies on mUM [86,121,175–183].
In the largest series currently available, longer survival was associated with metastasis-free intervals
longer than 24 months; R0 resection, number of liver metastases ≤ 4, and absence of miliary disease
were associated with prolonged survival [175]. The group of Akyuz et al. demonstrated five-year
survival exceeding 20% after complete tumor destruction under laparoscopic resection or laparoscopic
radiofrequency ablation (RFA) including a nonsurgical comparator group [177]. Confirming rates were
reported in several noncomparative studies [176,182–186]. Other studies evaluated RFA or hepatic
intra-arterial chemotherapy (HIA) as an adjunct to liver surgery to increase the number of patients
with bilobar metastases achieving R0 resection [181,187,188]. Importantly, RFA associated with liver
surgery and liver surgery alone demonstrated similar survival outcomes [187]. In addition, a recent
study evaluated combined surgery and RFA in a small group of patients relapsing after complete first
liver resection, showing prolonged survival outcomes [189]. However, postresection local and distant
recurrences are frequent exhibiting rates of 75%, and there are no data from randomized clinical trials
which demonstrate survival benefit over systemic therapy [183,186].

6.2.2. Regional Perfusion Therapies

Direct targeting of hepatic arterial circulation represents an attractive strategy for unresectable
isolated liver disease. Metastases to the liver are indeed preferentially supplied by hepatic
artery branches unlike normal hepatic circulation, receiving blood mainly from the portal vein.
Regional approaches allow the direct delivery of high doses of chemotherapy with minimal systemic
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exposure and include hepatic intra-arterial chemotherapy (HIA), isolated hepatic perfusion (IHP),
percutaneous hepatic perfusion (PHP), and hepatic transarterial chemoembolization (TACE). A phase
III randomized clinical trial from the European Organization for the Research and Treatment of
Cancer (EORTC) assigned 171 patients with UM and liver metastases to receive fotemustine via HIA
or intravenously (IV). Significant improvements were registered in PFS (4.5 vs. 3.5 months) and
response rate (10.5 vs. 2.4%) with HIA compared with IV administration, but no difference was
demonstrated between the two arms in terms of OS (median 14.6 months for HIA vs. 13.8 months
for IV fotemustine) [166]. IHP, as open or percutaneous procedure (PHP), is a form of intra-arterial
chemotherapy requiring a temporary extracorporeal filtration system to surgically isolate the liver
from systemic circulation. Results from a phase II clinical trial suggested a survival advantage of
14 months for patients treated with IHP using melphalan compared with the longest survival rate
of patients with UM liver metastases not treated with IHP, associated with tolerable morbidity [190].
The SCANDIUM study—a randomized multicenter phase III clinical trial—is currently ongoing in
patients with UM and isolated liver metastases to evaluate the efficacy of IHP melphalan compared
with the best alternative care in OS [191]. Results from a randomized phase III trial including 93 patients
with melanoma metastatic to the liver (88% ocular, 12% cutaneous) treated with either PHP with
melphalan or best available care—showed that PHP was effective in significantly improving median
PFS (245 days vs. 49 days, P < 0.001) and overall response rate (34.1 vs. 2% P < 0.001). This study failed
to demonstrate survival overall benefit; however, the crossover design of the study may confound
the survival data [167]. The phase III multicenter FOCUS clinical trial is currently ongoing in patients
with metastatic disease and hepatic-dominant UM treated with either PHP with melphalan or distinct
options under the best alternative care (transarterial chemoembolization, dacarbazine, ipilimumab,
or pembrolizumab)—randomly assigned. However, due to accrual issues, this study was later modified
to remove randomization [192]. Another strategy among liver-locoregional treatments for mUM is
TACE with infusion of chemotherapeutics including cisplatin, carboplatine, mytomicin, fotoemustine,
and 1,3-bis (2-cholorethyl)-1-nitrosourea (BCNU), followed by embolization agents such as iodized oil
or polyvenylalcohol particles. In a large, retrospective cohort study, chemoembolization was effective
when compared with systemic therapies in inducing 33% response rate versus 1%; however, no survival
benefit was demonstrated [193]. Similar findings were reported in noncomparative studies, with overall
response rates varying from 20.4% to 46% [193–198]. From a phase II study, improved response rates and
survival were demonstrated in patients with less than 20% liver involvement, suggesting that small and
well demarcated tumors receiving their supply solely from the hepatic artery represent the best targets
for embolization [196]. In accordance, other studies reported that an extent of liver involvement > 50%
predicted poor outcomes with arterial chemoembolization [197]. Importantly, two-thirds of patients
with stabilization of hepatic metastases following TACE developed dissemination in extrahepatic sites
within a short time, thus raising the issue of combining systemic immuno-chemotherapy with local
treatments [196]. In a pilot clinical trial, platinum-based TACE with polyvenylalcohol (PVA)-particle
embolization in combination with systemic immuno-chemotherapy achieved a 57% partial response
rate and survival benefit [199]. A phase-I/II randomized trial evaluated HIA with cisplatin and TACE
with cisplatin and polyvinyl sponge (PVS) in 19 patients with UM metastatic to the liver, reporting a
modest overall response rate (16%) and dose-limiting toxicities [200].

6.2.3. Radioembolization

Among other techniques, radioembolization (RE) using yttrium-90 (90Y)-labeled microspheres
was evaluated as salvage therapy in the context of small, retrospective cohorts, reporting median OS
rates ranging from 9 to 24 months. Partial response or a stabilization of the disease was reported
for 57 and 77% of patients, respectively [168,169]. Recently, a prospective phase II clinical trial
evaluated the efficacy of RE in treatment-naïve patients with mUM (group A) and in participants who
progressed after immunoembolization (IE) (group B). This study demonstrated similar median OS
(18.5 months and 19.2 months) and 1-year survival rate (60.9 and 69.6%) between the two groups,
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respectively. Interestingly, the stabilization of hepatic disease was achieved in 87.0% of participants in
groups A versus 58.3% in group B [201]. In a recent single arm, open labeled, nonrandomized study,
the combination of yttrium-90 microspheres and intravenous cisplatin was well tolerated in mUM,
but it failed at demonstrating sustained disease control with a median PFS of 3 months and median OS
of 10 months [202]. A nonrandomized phase I clinical trial investigating 90Y -labelled microspheres
in combination with sorafenib—a multikinase inhibitor of cell proliferation and angiogenesis—was
concluded, but the results have not yet been published [203].

6.2.4. Immunoembolization (IE)

The increased release of tumor antigens after tumor destruction via embolization leads to the
development of immunoembolization (IE) using granulocyte-macrophage colony-stimulating factor
(GM-CSF). A randomized phase II study, investigating IE versus bland embolization (BE) in patients
with mUM, demonstrated similar OS rates (21.5 months in IE group versus 17.2 months in BE group),
with a significant survival advantage in patients with at least 20% of liver involvement within the IE
cohort. Moreover, the intense inflammatory reaction in response correlated positively with delayed
progression of extrahepatic metastases [204].

6.3. Immunotherapy

Immunological checkpoint inhibitors targeting the cytotoxic T-lymphocyte associated antigen
(CTLA)-4 (ipilimumab), the programmed cell death 1 (PD)-1 protein (pembrolizumab, nivolumab),
or the programmed cell death 1 ligand (PDL)-1 (durvalumab, atezolizumab) aim at stimulating
endogenous antitumor cytotoxic T cell response. The efficacy achieved in the management of
metastatic cutaneous melanoma and other cancers with reported durable response rates ranging
from 20 to over 60%, has not been observed in mUM [205–207]. Studies reported a response rate
below 10%, and a median survival less of than 1 year with a single-agent checkpoint block have been
widely described [208–213]. This is likely related to the immune privilege of the eye, which establishes
mechanisms to evade the immune system, and with the low mutational load with limited potential
neoepitopes of UM if compared with cutaneous melanoma. However, clinical benefit from PD-1
block has been reported in selected UM patients with biallelic MBD4 loss showing a high mutational
burden [214]. Two phase II clinical trials are investigating combinatorial checkpoint blockade with
nivolumab and ipilimumab in treatment-naïve or pretreated patients with mUM [215,216]. Specifically,
preliminary results from the clinical trial NCT01585194 showed a partial remission (PR) in 17% of
patients, and a stable disease in 53% of patients. The median OS was estimated at 1.6 years, and the
1-year OS was 62%. However, 40% of patients experienced treatment-related adverse events (TRAEs),
with 29% of treatment discontinuation [217]. A multicenter phase II open label study evaluating the
concomitant use of pembrolizumab and entinostat (HDAC inhibitor) in adult patients with metastatic
mUM (PEMDAC study) is currently ongoing [218,219]. A phase Ib/II clinical trial demonstrated
that combination treatment with RFA and ipilimumab in uveal melanoma (SECIRA-UM) was well
tolerated, but with very limited clinical activity [220]. Importantly, a randomized phase I/II study is
currently ongoing in mUM patients to evaluate the safety and efficacy of combining melphalan PHP
with ipilimumab and nivolumab [221]. In addition, the efficacy of the combination of ipilimumab
and nivolumab has been investigated in association with IE, and following 90Y radioembolization,
respectively, in two ongoing phase II trials [222,223]. Novel immune-based therapies include different
modalities of adoptive T cell therapy such as TILs, engineered T cell receptors (TCRs) and chimeric
antigen receptors (CAR) on T cells, and T cell redirection [224–227]. Adoptive transfer of autologous TILs
has shown promise in mediating tumor regression in a single-center phase II study on refractory mUM
patients who showed progression after both anti-CTLA-4 and anti-PD-1 checkpoint blockade [224].
A phase II study on immunotherapy using autologous TILs in mUM is currently ongoing [228]. In this
direction, a phase Ib study combining adoptive T cell therapy using autologous CD8+ antigen-specific
T cells and anti-CTLA-4 for patients with mUM is ongoing [229]. IMCgp100 is a bispecific ImmTAC
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(Immune-mobilizing monoclonal TCRs against cancer) molecule, targeting gp100 peptide on UM
cells and the CD3 protein complex on the surface of T cells. It redirects the recruitment of CD8+

cytotoxic T lymphocytes against melanoma cells. This molecule has shown a favorable safety profile
and durable responses in mUM, and it is currently under investigation in advanced UM in a single-arm,
phase I/II dose-escalating clinical trial and in a randomized, controlled phase II trial versus the
investigator’s choice of therapy [230–233]. As an additional promising strategy, CAR-T cells directed
against human epidermal growth factor receptor 2 (HER2) were demonstrated to be able to kill
uveal and cutaneous melanoma cells in vitro and in vivo settings [226]. A phase I clinical trial is
evaluating the effect of autologous T-lymphocytes expressing GD2-specific chimeric antigen on different
GD2-expressing cancers including UM [234]. Among immunotherapeutic options for mUM, cell-based
and peptide vaccines are currently being investigated in several ongoing clinical trials as single
therapy or in combination with immunomodulatory agents, based on favorable preclinical and clinical
studies [138,235–238]. As innovative approach, liver intralesional PV-10 chemoablation (10% rose
bengal disodium) allowed for a rapid lysis of tumor cells followed by a secondary tumor-specific
T cell-mediated antitumor immune response [239]. Based on high rates of complete response and
durable local control achieved in metastatic cutaneous melanoma, PV-10 chemoablation has been
evaluated in a phase I safety and tolerability study in mUM [240].

6.4. Targeted Therapy

Recent advances in the molecular profiling of UM provide a rationale for treatments that selectively
target the effectors of the molecular pathways which regulate tumor growth. Specifically, mutations of
the GNAQ and GNA11 genes encoding for Gα subunits of G-proteins drive oncogenesis in most
of primary and mUM, whereas mutations in the phospholipase C4 (PLCB4) or in the Cysteinyl
Leukotriene Receptor 2 (CYSLTR2) genes occur less frequently [241,242]. The development of therapies
aimed at directly targeting Gα proteins is still in an initial phase in mUM, whereas BRAF (v-raf murine
sarcoma viral oncogene homolog B1)-targeted therapy has achieved substantial results in cutaneous
melanoma [243,244]. The cyclic depsipeptide FR900359 (FR) was observed to allosterically inhibit
the GDP/GTP exchange to obtain inactive Gαβγ heterotrimers from constitutively active GαQ and
11, thus promoting cell cycle arrest in UM cells in culture and inhibiting tumor growth in UM
mouse xenografts [245,246]. The design of simplified analogues of FR900359 capable of effective
GαQ/11 inhibition, including the small molecule YM-19, opens new perspectives for pharmaceutical
development [247]. Among gene regulatory approaches, a combination therapy of oncolytic adenovirus
H101 and siRNA mediating GNAQ downregulation was shown to induce UM cells apoptosis in in vivo
activating UM cell apoptosis [248]. Moreover, a system for conjugating siRNAs to functionalized
gold nanoparticles (AuNPs) able to recognize transcripts of mutant GNAQ mRNA was developed.
This approach resulted in greater intracellular release of siRNA and decreased cancer cell viability [249].
GNAQ/GNA11 mutations drive the constitutive activation of the mitogen-activated protein kinase
(MAPK) pathway, and therapies targeting downstream effectors of Gα at the level of MEK, PKC,
and AKT have been investigated. In the phase III clinical trial SUMIT, naïve mUM patients were
randomized to receive either selumetinib—a selective MEK inhibitor—or placebo, in combination with
dacarbazine. Results of this study did not show a difference in the primary endpoint of PFS between
the two groups of treatment [250]. The combination of selumetinib with the AKT inhibitor MK2206
resulted in synergistic suppression of GNAQ mutant cell viability in vitro and in xenograft mouse
models of UM [251]. Based on these encouraging preclinical results, a randomized phase II clinical
trial was performed to investigate the efficacy of trametinib—a selective MEK inhibitor—with or
without AKT inhibition. However, this study did not demonstrate any substantial improvement in the
primary endpoint of response (PFS) for combinational treatment [252]. Sorafenib—a kinase inhibitor
targeting RAF/MEK/ERK pathway and VEGFR/PDGFR—was investigated in a phase II study by the
Southwest Oncology Group (SWOG) cooperative group in combination with carboplatin and paclitaxel
in mUM, but the limited overall efficacy did not warrant further clinical tests [253]. Among other
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strategies, a phase I study is ongoing evaluating the preliminary antitumor activity of LXS196, a PKC
inhibitor, as monotherapy and in combination with HDM201 (MDM2 inhibitor) in patients with
mUM [254]. A number of phase I and II trials on other targeted therapies in mUM have been
completed, demonstrating no impact on survival indicators, including lenalidomide (TNF-α secretion
inhibitor), gefitinib (epidermal growth factor inhibitor), bevacizumab and aflibercept (vascular
endothelial growth factor inhibitors), imatinib (KIT inhibitor), sunitinib (tyrosine kinase inhibitor),
vorinostat (histone deacetylase inhibitor), carbozantinib (tyrosine kinases c-Met and VEGFR2 inhibitor),
cixutumumab (IGF1R inhibitor), everoliumus (mTOR inhibitor) plus pasireotide (a somatostatin
analog), and ganetespib (heat-shock protein 90 inhibitor) ([196,255–269]. Currently active phase
I/II trials in mUM, targeting molecules other than MEK, AKT, and PKC, are based on BVD-523
(ERK1/ERK2 inhibitor), BPX-701 (a genetically modified autologous T cell product incorporating
an HLA-A2-restricted PRAME-directed TCR), and cabozantinib (multikinase inhibitor) versus
temozolomide or dacarbazine [270–272]. The main trials currently evaluating liver-directed therapies,
immunotherapies, and targeted therapies for mUM are listed in Table 3.

Table 3. Main ongoing trials for metastatic uveal melanoma.

Clinical Trials N Tested Agent and Mechanism of Action Phase Status

NCT01785316 IHP with melphalan or best alternative care III Recruiting
NCT02678572 PHP with melphalan or best alternative care III Recruiting

NCT01893099
90Y-labelled microspheres and sorafenib (inhibitor of RAF/MEK/ERK
and VEGFR/PDGFR)

I Complete, no results

NCT02626962 Nivolumab (anti-PD1) + ipilimumab (anti-CTLA4) II Active, not recruiting
NCT01585194 Nivolumab (anti-PD1) + ipilimumab (anti-CTLA4) II Active, not recruiting
NCT02697630 Pembrolizumab (anti-PD1) + Entinostat (HDAC inhibitor) II Active, not recruiting
NCT04283890 PHP with melphalan + ipilimumab (anti-CTLA4) and nivolumab (anti-PD1) I/II Recruiting

NCT02913417
90Y-labelled microspheres + Ipilimumab (anti-CTLA4)
and nivolumab (anti-PD1)

I/II Recruiting

NCT03472586 Immunoembolization + Ipilimumab (anti-CTLA4) and nivolumab (anti-PD1) II Recruiting
NCT03467516 TILs II Recruiting

NCT03068624 TILs + cyclophosphamide (alkylating agent), aldesleukin
(human recombinant IL-2), and ipilimumab (anti-CTLA4) Ib Active, not recruiting

NCT02570308 ImmTAC molecule (IMCgp100) targeting gp100 I/II Active, not recruiting
NCT03070392 ImmTAC molecule (IMCgp100) targeting gp100Vs. investigator’s choice II Active, not recruiting.
NCT03635632 C7R-GD2.CAR T cells I Recruiting
NCT00219843 Intralesional (IL) PV-10 chemoablation(rose bengal disodium, 10%) I Complete, no results
NCT01979523 Trametinib (MEK inhibitor) ± AKT inhibition II Complete, has results
NCT02601378 LXS196 (PKC inhibitor) ± HDM201 (MDM2 inhibitor) I Active, not recruiting
NCT01413191 Cixutumumab (IGF1R inhibitor) II Complete, has results
NCT01252251 Everoliumus (mTOR inhibitor) and pasireotide (somatostatin analog) II Complete, has results
NCT03417739 BVD-523(ERK1/ERK2 inhibitor) II Active, not recruiting
NCT02743611 BPX-701 (PRAME-targeting T-cell receptor) I/II Active, not recruiting

NCT01835145 Carbozantinib (c-MET, c-KIT, VEGFR2 inhibitor) vs. temozolomide
(alkylating agent) or dacarbazine (alkylating agent) II Active, not recruiting,

has results

Abbreviations: Isolated hepatic perfusion (IHP), Percutaneous hepatic perfusion (PHP), immunoembolization (IE),
tumor-infiltrating lymphocytes (TILs), chimeric antigen receptors (CAR), Immune-mobilizing monoclonal TCRs
against cancer (ImmTAC).

7. Conclusions

UM represents a challenge for oncologists and ophthalmologists in terms of early diagnosis,
clinical and genetic characterization, and treatments. In recent decades, considerable advances have
been made in the diagnosis and classification of patients at low/high-risk of metastatic progression
in UM, thereby facilitating early and tailored intervention. However, 50% of patients still develop
metastatic disease, and survival rates do not show substantial improvements. Thus far, there is no
accepted standard of care for the treatment of UM in adjuvant and metastatic settings, and most of
current treatments for UM are adapted from results observed in cutaneous melanoma, although UM
shows different clinical and molecular features from its cutaneous counterpart. The increasing
knowledge of tumor biology, genetics, and immunology has recently led to UM-specific clinical
trials for adjuvant and metastatic scope. Specifically, insights into the primary and metastatic UM
microenvironment and tumor immune surveillance, as well as the mechanisms regulating metastatic
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tumor dormancy, paved the way for the identification of targets for future therapies. Therefore,
research should be focused on testing novel promising therapies, and continued participation in clinical
trials should be encouraged. This will hopefully increase the survival benefit of UM patients similarly
to what has recently been observed for cutaneous melanoma.
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Simple Summary: In the last years, targeted therapy and immunotherapy modified the landscape for
metastatic melanoma treatment. These therapeutic approaches led to an impressive improvement in
patients overall survival. Unfortunately, the emergence of drug resistance and side effects occurring
during therapy strongly limit the long-term efficacy of such treatments. Several preclinical studies
demonstrate the efficacy of essential oils as antitumoral agents, and clinical trials support their
use to reduce side effects emerging during therapy. In this review we have summarized studies
describing the molecular mechanism through which essential oils induce in vitro and in vivo cell
death in melanoma models. We also pointed to clinical trials investigating the use of essential oils
in reducing the side effects experienced by cancer patients or those undergoing anticancer therapy.
From this review emerged that further studies are necessary to validate the effectiveness of essential
oils for the management of melanoma.

Abstract: The last two decades have seen the development of effective therapies, which have saved
the lives of a large number of melanoma patients. However, therapeutic options are still limited
for patients without BRAF mutations or in relapse from current treatments, and severe side effects
often occur during therapy. Thus, additional insights to improve treatment efficacy with the aim
to decrease the likelihood of chemoresistance, as well as reducing side effects of current therapies,
are required. Natural products offer great opportunities for the discovery of antineoplastic drugs,
and still represent a useful source of novel molecules. Among them, essential oils, representing the
volatile fraction of aromatic plants, are always being actively investigated by several research groups
and show promising biological activities for their use as complementary or alternative medicine for
several diseases, including cancer. In this review, we focused on studies reporting the mechanism
through which essential oils exert antitumor action in preclinical wild type or mutant BRAF melanoma
models. We also discussed the latest use of essential oils in improving cancer patients’ quality of life.
As evidenced by the many studies listed in this review, through their effect on apoptosis and tumor
progression-associated properties, essential oils can therefore be considered as potential natural
pharmaceutical resources for cancer management.

Keywords: melanoma; essential oils; angiogenesis; apoptosis; metastasis
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1. Introduction

Melanoma is the third most common cutaneous malignancy and one of the most dangerous forms
of skin cancer. It is increasing worldwide and is caused by several factors, including environmental and
genetic ones. In primary tumors, the most frequent driver oncogenic mutations (BRAF, NRAS, KIT),
as well as mutations responsible for intrinsic resistance, have been identified with genomic analyses.
Genetic alterations developed during the acquired resistance and genetic lesions leading to metastasis
spreading were also identified [1].

The use of surgery in case of primary tumors is considered curative. With the advent of targeted
therapy (MAPK pathway inhibitors) and immunotherapy (immune checkpoint inhibitors), treatment of
metastatic melanoma has changed dramatically in recent years. These therapeutic strategies generated
unprecedented improvement in patients’ survival [2,3]. Targeted therapy, mostly represented by BRAF
inhibitors, shows efficacy in the treatment of BRAF mutated metastatic melanoma when administered
as single agents or in combination with MEK inhibitors [4]. Immune checkpoint inhibitors, such as
anti-CTLA4 and anti-PD1 monoclonal antibodies, are able to activate the immune response in the
host through their ability to unmask the inhibition of the host immune cells [5]. Targeted therapy in
combination with immune checkpoint inhibitors has also showed encouraging results in the last few
years [6]. Patients who are not eligible candidates for targeted therapy or immunotherapy are treated
with systemic chemotherapy, such as dacarbazine, taxanes or temozolomide, while radiation therapy
is used for brain metastases or for the treatment of oligometastatic disease [7]. Despite this clinical
success, treatment of metastatic melanoma is still ineffective in about half of the treated patients and is
often limited by numerous side effects and by the emergence of resistance to both targeted therapy and
immunotherapy [8–10].

The diagnosis of melanoma and the therapeutic approaches used to contrast the disease, strongly
affect the patient’s quality of life. In fact, melanoma patients often experience the risk of disease
progression, or even of new primary disease, for several years after diagnosis. Often, anxiety, depression
and fear, leading to impaired social functioning, are evidenced in melanoma survivors. For these
reasons, there is an urgent need to identify new therapeutic strategies for melanoma patients who do
not respond or relapse after therapy, as well as to define new options to improve their quality of life.

In the last two decades, many new anticancer agents have been discovered from natural products
as an alternative option to current cancer therapy. This is due to high cost, emergence of drug
resistance and the side effects of standard therapies. Several plant-derived drugs, such as camptothecin,
vinblastine, vincristine, etoposide, taxol, and paclitaxel have found wide applications in cancer
therapy [11,12]. Current cancer research has brought about many promising preclinical results
regarding the antiproliferative, anti-inflammatory, antioxidant, antiangiogenic and antimetastatic effect
of essential oils (EOs), which are relevant components of aromatic plants. In addition, chemoprevention
by EOs could represent a potentially effective option in the fight against cancer and, in particular,
against melanoma. At present, EOs are used as a non-invasive therapy with minimal risk intervention
that could potentially improve the quality of life of cancer patients and could alleviate the severity
of treatment-related liver injuries or, more generally, symptoms in cancer patients undergoing
chemotherapy. Alleviation of collateral effects would enhance prognosis status and patients’ survival.

From a survey in scopus [13] with the “essential oil” and “melanoma” keywords, a list of almost
170 references were retrieved and analyzed. Focusing our attention on papers published in the last
20 years, we will summarize and discuss the chemical composition of EOs used in melanoma models,
and the molecular mechanism through which EOs and their main components exert an antitumor
effect in preclinical melanoma models carrying wild type or mutated BRAF. One section is dedicated to
the use of EOs in clinical trials for managing cancer symptoms. This comprehensive summary could be
a useful source for a better understanding of EOs’ mechanism of action. It could also help researchers
to appreciate and consider the importance of EOs being a potential adjuvant to enhance the efficacy of
current available therapy, as well as, for improving patients’ quality of life.
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Taking into consideration the studies presented in this review, EOs showing antitumor activity
could represent a good opportunity for combination therapy or, particularly, for reducing those side
effects caused by current treatments.

2. Essential Oils

A wide number of studies have reported that plants contain valuable compounds, including
bioactive EOs [14]. EOs are a complex combination of chemical aromatic-smelling low-molecular weight
compounds. They are derived from the plants’ secondary metabolism [15], leading predominately to
monoterpenes [16], sesquiterpenes [17] and their oxygenated derivatives [18]. They are biosynthesized
in different plant organs and parts such as flowers, leaves, fruits and roots [15] and are industrially
produced mainly by hydro- or steam-distillation [19,20]. Chemical qualitative and quantitative
composition of EOs, which are composed of volatile compounds, is determined using a combination
of Gas Chromatography/Flame Ionization Detection, Gas Chromatography/Mass Spectrometry and
determination of their Kovats index [21] and/or Linear Retention Indices [22]. The chemical composition
of aromatic plants furnishing EOs active against melanoma models is reported in Table 1. Common and
family names of the plants, as well as the percentage of the main components identified in each EO,
are also included.

Table 1. Chemical composition of essential oils (EOs) active against melanoma models.

Plant Name from
Which EOs Were

Extracted
Plant Common Name Plant Family

Name Main EO Chemical Components Reference

Achillea millefolium Yarrow, common yarrow,
thousand-leaf Asteraceae

Artemisia ketone (14.92%), camphor
(11.64%), linalyl acetate (11.51%),

1,8-cineole (10.15%)
[23]

Alpinia zerumbet Light Galangal, shell
ginger Zingiberaceae

γ-Terpinene (14.5%), cineole (13.8%),
p-cymene (13.5%), sabinene (12.5%),
terpinen-4-ol (11.9%), caryophyllene

oxide (4.96%), methyl cinnamate
(4.24%), caryophyllene (2.4%),

γ-terpineol (1.28%)

[24]

Annona vepretorum
Araticum, pinha da

caatinga,
araticum-da-Bahia

Annonaceae

Bicyclogermacrene (35.7%),
spathulenol (18.89%),

α-phellandrene (8.08%), α-pinene
(2.18%), o-cymene (6.24%)

[25]

Anthemis
wiedemanniana - Asteraceae

9,12-Octadecadienoic acid (12.2%),
hexadecanoic acid (10.5%),

hexahydrofarnesyl acetone (8.3%),
1,8-cineol (6.2%), carvacrol (5.8%)

[26]

Artemisia anomala - Asteraceae or
Compositae

Camphor (18.3%), 1,8-cineole
(17.3%), β-caryophyllene oxide

(12.7%), borneol (9.5%)
[27]

Artemisia argyi - Asteraceae or
Compositae

Caryophyllene (10.19%),
eucalyptol (23.66%) [28]

Atriplex undulata - Chenopodiaceae

p-Acetanisole (28.1%),
β-damascenone (9.3%), β-ionone

(5.1%), viridiflorene (4.7%),
3-oxo-α-ionol (2.2%)

[29]

Casearia lasiophylla - Salicaceae
Germacrene D (18.6%),

E-caryophyllene (14.7%), δ-cadinene
(6.2%), α-cadinol (5.4%)

[30]

Chrysanthemum
boreale Makino - Asteraceae

Germacrene D (10.6–34.9%),
β-caryophyllene (10.8%),

(–)-camphor (10.8–18.0%), β-thujone
(11.7%), α-thujone (9.8%)

[31]
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Table 1. Cont.

Plant Name from
Which EOs Were

Extracted
Plant Common Name Plant Family

Name Main EO Chemical Components Reference

Cinnamomum cassia - Lauraceae Cis-2-methoxycinnamic acid
(43.06%), cinnamaldehyde (42.37%) [32]

Cinnamomum
zeylanicum - Lauraceae Eugenol (70%),

β-caryophyllene (2.4%) [33]

Citrus bergamia Acid lemon Rutaceae

Limonene (38.1%), linalyl acetate
(28.9%), γ-terpinene (7.3%), linalool

(6.4%), β-pinene (5.4%),
bergapten (1.7%)

[34]

Citrus medica Citron Rutaceae

Limonene (35.4%), γ-terpinene
(24.5%), geranial (5.5%), neral

(4.4%), β-pinene (2.6%), α-pinene
(2.5%), β-myrcene (2.1%),

terpinen-4-ol (1.5%)

[34]

Cuminum cyminum Cumin-jeera Apiaceae or
Umbelliferae

Cuminaldehyde (39.48%),
γ-terpinene (15.21%), O-cymene

(11.82%), β-pinene (11.13%),
2-caren-10-al (7.93%), trans-carveol

(4.49%), and myrtenal (3.5%)

[35]

Curcuma aromatica Wild turmeric Zingiberaceae

8,9-Dehydro-9- formyl-
cycloisolongifolene (2.66–36.83%),

germacrone (4.31–16.53%),
ar-turmerone (2.52–17.69%),

turmerone (2.62–18.38%), ermanthin
(0.75–13.26%),

β-sesquiphyllandrene (0.33–11.32%),
ar-curcumene (0.29–10.52%)

[36]

Curcuma
kwangsiensis Mango-ginger Zingiberaceae

8,9-Dehydro-9-formyl-
cycloisolongifolene (2.37–42.59%),

germacrone (6.53–22.20%),
L-camphor (0.19–6.12%)

[37]

Curcuma zedoaria Kua-zedoary Zingiberaceae

8,9-Dehydro-9-formyl-
cycloisolongifolene (60%),

6-ethenyl-4,5,6,7-tetra-hydro-3,6-
dimethyl-5-isopropenyl-trans-

benzofuran (12%)

[38]

Dalbergia pinnata Laleng-chali Fabaceae

Elemicin (91.06%), methyl eugenol
(3.69%),

4-allyl-2,6-dimethoxyphenol
(1.16%), whiskey lactone (0.55%)

[39]

Eryngium
amethystinum - Apiaceae

Germacrene D (56.7%), β-elemene
(4.7%), bicyclogermacrene (3.3%),

α-copaene (2.2%), (E)-caryophyllene
(1.9%), germacrene B (1.8%),

germacra-4(15),5,10(14)-trien-1-α-ol
(1.7%), cadin-4-en-10-ol (1.6%)

[40]

Eryngium campestre
Eryngo,

field eryngo,
sea-holly

Apiaceae

Germacrene D (13.8%),
allo-aromadendrene (7.7%),

spathulenol (7.0%), ledol (5.7%),
cadin-4-en-10-ol (3.9%), γ-cadinene

(3.6%), epi-α-muurolol (2.1%),
germacra-4(15),5,10(14)-trien-1-α-ol

(2.0%), δ-cadinene (1.9%),
caryophyllene oxide (1.5%)

[40]

Eucalyptus
camaldulensis

Murray red gum, red
gum, red river gum Myrtaceae

1,8-Cineole (23.9%), α-eudesmol
(11.6%), γ-eudesmol (8.0%), and

elemol (5.0%)
[41]

378



Cancers 2020, 12, 2650

Table 1. Cont.

Plant Name from
Which EOs Were

Extracted
Plant Common Name Plant Family

Name Main EO Chemical Components Reference

Eugenia cuspidifolia - Myrtaceae Caryophyllene oxide (57.46%),
α-copaene (3.75%) [42]

Eugenia
tapacumensis - Myrtaceae Caryophyllene oxide (55.95%),

α-copaene (13.67%) [42]

Eugenia uniflora Brazil cherry Myrtaceae

Curzerene (13.4–50.6%),
selina-1,3,7(11)-trien-2-one

(18.1–43.1%),
selina-1,3,7(11)-trien-2-one

epoxidem(16.0–30.4%), germacrene
B (5.0–18.4%), caryophyllene

oxide(1.2–18.1%), (E)-caryophyllene
(0.3–9.1%), β-elemene (3.5–8.9%),

γ-elemene (2.0–7.8%)

[43]

Glechoma hederacea
Ground ivy, field balm,

gill over the ground,
runaway robin

Lamiaceae or
Labiatae

Trans-3-pinanone (41.4%),
4,5,6,7-tetrahydro-5-isopropenyl-3,6-
β-dimethyl-6-α-vinylbenzofuran
(10.8%), β-caryophyllene (10.2%),

and spathulenol (4.3%)

[44]

Helichrysum
microphyllum - Asteraceae or

Compositae

Neryl acetate (18.2%), rosifoliol
(11.3%), δ-cadinene (8.4%),

γ-cadinene (6.7%)
[45]

Heracleum
sphondylium Cow parsnip, eltrot Apiaceae or

Umbelliferae
Octyl acetate (54.9–60.2%), octyl

butyrate (10.1–13.4%) [46]

Hypericum hircinum - Hypericaceae
Cis-β-guaiene (29.3%), δ-selinene

(11.3%), isolongifolan-7-α-ol (9.8%),
(E)-caryophyllene (7.2%)

[47]

Laurus nobilis
Bay Tree, sweet bay,
Grecian Laurel, true

laurel
Lauraceae 1,8-cineole (35.15%) [48]

Lavandula
augustifolia

English lavender, true
lavender

Lamiaceae or
Labiatae

α-Pipene, β-pipene, camphene,
eucalyptol, D-limonene [49]

Lippia gracilis - Verbenaceae
Thymol (55.50%), p-cymene

(10.80%), γ-terpinene (5.53%),
myrcene (4.03%)

[50]

Liriodendron
tulipifera

Tulip tree, tulip poplar,
yellow poplar, canary

whitewood
Magnoliaceae

(Z)-β-Ocimene (12.5–25.2%),
(E)-β-ocimene (3.7–6.8%),
β-elemene (16.4–17.1%),

germacrene D (18.9–27.2%)

[51]

Melaleuca
alternifolia Tea Tree Myrtaceae Terpinen-4-ol (42.35%), γ-terpinene

(20.65%), α-terpinene (9.76%) [52]

Melaleuca
quinquenervia - Myrtaceae

1,8-Cineole (21.06%), α-pinene
(15.93%), viridiflorol (14.55%),

α-terpineol (13.73%)
[53]

Mentha aquatica - Lamiaceae or
Labiatae

β-Ocimene (22.18%), β-pinene
(15.41%), 1,8-cineole (12.87%),

α-pinene (10.49%)
[54]

Myrcia laruotteana - Myrtaceae α-Bisabolol (23.6%), α-bisabolol
oxide B (11.5%) [55]

Myristica fragrans Mace, nutmeg Myristicaceae Myristicin, limonene, eugenol and
terpinen-4-ol [56]

Nectandra leucantha - Lauraceae Bicyclogermacrene (28.44%),
germacrene A (7.34%) [57]
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Table 1. Cont.

Plant Name from
Which EOs Were

Extracted
Plant Common Name Plant Family

Name Main EO Chemical Components Reference

Ocimum basilicum
Sweet basil, common

basil, thai basil, tropical
basil

Lamiaceae or
Labiatae

1,8 Cineole (11.0%), linalool (42.5%),
estragole (33.1%) [58]

Ocimum
gratissimum

African basil,
east Indian basil,

russian basil, shrubby
basil

Lamiaceae or
Labiatae

Eugenol (54.0%), 1,8 cineole (21.6%),
β-selinene (5.5%), β-caryophyllene

(5.3%), (Z)-ocimene (4.0%)
[58]

Ocimum
micranthum - Lamiaceae or

Labiatae
Eugenol (64.8%), β-caryophyllene
(14,3%), bicyclogermacrene (8.1%) [58]

Ocimum tenuiflorum Sacred basil Lamiaceae or
Labiatae

Eugenol (59.4%), β-caryophyllene
(29.4%), germacrene A (8.1%) [58]

Origanum
ehrenbergii - Lamiaceae or

Labiatae Carvacrol, thymoquinone [59]

Origanum syriacum Bible hyssop Lamiaceae or
Labiatae Carvacrol, thymoquinone [59]

Perilla frutescens
Shiso, beefsteakplant,
spreading beefsteak

plant

Lamiaceae or
Labiatae isoegomaketone [60]

Piper aleyreanum - Piperaceae

β-Elemene (16.3%),
bicyclogermacrene (9.2%),

δ-elemene (8.2%), germacrene D
(6.9%), β-caryophyllene (6.2%),

spathulenol (5.2%)

[61]

Piper cernuum - Piperaceae
α-Pinene, camphene, limonene,

carvacrol, tymol, myrcene,
p-cymene, aterpineol, linalol

[62]

Piper klotzschianum - Piperaceae

Germacrene D (7.3–22.8%),
bicyclogermacrene (13.4–21.6%),
E)-caryophyllene (11.9–16.8%),
β-pinene (2.3–27.2%), α-pinene

(1.4–7.2%)

[63]

Pistacia lentiscus

Chios mastictree, aroeira,
lentiscus,
lentisk,
mastic,

mastictree

Anacardiaceae Perillyl alcohol [64]

Pituranthos
tortuosus - Apiaceae

Sabinene (24.24%), α-pinene
(17.98%), limonene (16.12%), and

terpinen-4-ol (7.21%)
[65,66]

Plectranthus
amboinicus

Country borage, Indian
borage

Lamiaceae or
Labiatae

Carvacrol thymol,
cis-caryophyllene,

trans-caryophyllene, and p-cymene
[67]

Pomelo peel - Rutaceae
Limonene (55.92%), β-myrcene

(31.17%), β-pinene (3.16%), ocimene
(1.42%), β-copaene (1.24%)

[68]

Porcelia macrocarpa - Annonaceae
Germacrene D (47%),

bicyclogermacrene (37%), verbanyl
acetate (0.5%), phytol (1.2%)

[69]

Pterodon
emarginatus

Faveiro, sucupira,
sucupira-branca Fabaceae

β-Elemene (15.3%),
trans-caryophyllene (35.9%),

α-humulene (6.8%), germacrene-D
(9.8%), bicyclogermacrene (5.5%),

spathulenol (5.9%)

[70]
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Plant Name from
Which EOs Were

Extracted
Plant Common Name Plant Family

Name Main EO Chemical Components Reference

Salvia aurea - Lamiaceae or
Labiatae

Caryophyllene oxide (12.5%),
α-amorphene (12.0%), aristolone
(11.4%), aro-madendrene (10.7%),

elemenone (6.0%)

[71]

Salvia breacteata - Lamiaceae or
Labiatae Caryophyllene oxide (16.6%) [72]

Salvia judaica - Lamiaceae or
Labiatae Caryophyllene oxide (12.8%) [71]

Salvia libanotica - Lamiaceae or
Labiatae

Cineole (57.4%), camphor (8.4%),
β-pinene (5.1%), α-pinene (3.9%),

camphene (3.0%)
[73]

Salvia officinalis Sage, kitchen sage, small
leaf sage, garden sage

Lamiaceae or
Labiatae

Caryophyllene (25.634%), camphene
(14.139%), eucalyptol (13.902%) [74]

Salvia rubifolia - Lamiaceae or
Labiatae γ-Muurolene (11.8%) [72]

Salvia verbenaca Wild clary Lamiaceae or
Labiatae

Hexadecanoic acid (11–23.1%),
Z)-9-octadecenoic acid (5.6–11.1%),

benzaldehyde (1.1–7.3%)
[75]

Salvia viscosa - Lamiaceae or
Labiatae Caryophyllene oxide (12.7%) [71]

Santalum album
White sandal tree,

sandalwood, sandal tree,
sandal

Santalaceae α-Santalol (61%), β-santalol (28%) [76]

Satureja hortensis Summer savory Lamiaceae or
Labiatae

γ-Terpinene (37.862%), o-cymene
(15.113%), thymol (13.491%),

carvacrol (13.225%)
[77]

Schinus
terebinthifolius

Raddi
Brazilian pepper tree Anacardiaceae

β-Longipinene (8.1%), germacrene
D (23.8%), biclyclogermacrene

(15.0%), α-pinene (5.7%), β-pinene
(9.1%)

[78]

Stachys germanica Downy woundwort,
German hedgenettle

Lamiaceae or
Labiatae

(Z,Z,Z)-9,12,15-octa-decatrienoic
acid methyl ester (33.3%),
exadecanoic acid (22.1%)

[79]

Stachys parviflora - Lamiaceae or
Labiatae

α-Terpenyl acetate (23.6%),
β-caryophyllene (16.8%),

bicyclogermacrene (9.3%),
spathulenol (4.9%), α-pinene (4.2%)

[80]

Syzygium
aromaticum Clove, Zanzibar redhead Myrtaceae Eugenol (61%), (β-carophillene

5.7%) [33,81]

Tagetes erecta
African marigold, Aztec
marigold, big marigold,

American marigold

Asteraceae or
Compositae

Limonene (10.4%), α-terpinolene
(18.1%), (E)-ocimenone (13.0%),

dihydrotagetone (11.8%)
[82]

Tanacetum
macrophyllum

Tansy, rayed tansy, tansy
chrysanthemum

Asteraceae or
Compositae

Germacrene D (6.9–30.9%),
10-epi-γ-eudesmol (3.9–13.5%),

camphor (11.1%), linalool
(0.6–10.8%), 1,8-cineole (5.5–8.8%)

[83]

Thymus alternans - Lamiaceae or
Labiatae

(E)-Nerolidol (15.8–31.4%),
germacrene D (6.7–7.4%), geranial

(6.8–7.7%), (E)-β-ocimene
(2.6–7.0%), linalool (1.7–6.4%),

geraniol (3.3–6.2%), neral (4.9–5.4%)

[84]
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Which EOs Were

Extracted
Plant Common Name Plant Family

Name Main EO Chemical Components Reference

Thymus munbyanus - Lamiaceae or
Labiatae

Borneol (31.2–44.8%), camphor
(5.7–13.6%), camphene (3.6–7.5%),

1,8-cineole (4.2–6.0%), germacrene D
(3.1–5.0%)

[85]

Thymus vulgaris
English thyme,

French thyme, garden
thyme, thyme

Lamiaceae or
Labiatae

γ-Terpinene (68.415%), thymol
(24.721%), caryophyllene (5.5%),

α-pinene (4.816%)
[74]

Tridax procumbens
Coat buttons,

coat-button, Mexican
daisy

Asteraceae or
Compositae

α-Pipene, β-pinene, phellandrene,
sabinene [86]

Vetiveria zizanioides Cuscus grass, khus-khus,
khas-khas, vetiver Poaceae

Cedr-8-en-13-ol (12.4%),
α-amorphene (7.80%), β-vatirenene

(5.94%), α-gurjunene (5.91%),
dehydroaromadendrene (5.45%)

[87]

Vitex Negundo

Common chaste tree,
negundo, five keaved
chaste tree, negundo
chastetree, chaste tree

Lamiaceae or
Labiatae

Sabinene (19.04%), caryophyllene
(18.27%) [88]

Vitex Trifolia
Indian privet, Arabian
lilac, Indian three-leaf
vitex, hand of mary

Lamiaceae or
Labiatae

α-Pinene (11.38%), β-pinene
(2.84%), sabinene (10.25%),

eucaluptol (8.60%), camphene
(12.69%), manoyl oxide (16.11%),

abietatriene (9.03%)

[89]

Wedelia chinensis Chinese wedelia Asteraceae or
Compositae Carvocrol, trans-caryophyllene [90]

Zornia brasiliensis - Fabaceae

Trans-nerolidol (48.0%), germacrene
D (13.9%), α-humulene (9.3%),

trans-caryophyllene (8.4%), and
(Z,E)-α-farnesene (7.3%)

[91]

where not indicated, some plant common names and EOs composition were not available from the cited paper.
EOs from Boswellia carterii, Citrus grandis, Citrus hystix, Citrus reticulate, Psiadia terebinthina were not included in the
table as their chemical compositions were not reported in the corresponding cited articles.

Anticancer activities of EO mixtures as a whole and only a hypothetical correlation between
the chemical profile and the anticancer activity have been described for some EOs. In some cases,
EOs’ bioactive properties were related to the anticancer activity of specific components. Due to
EOs’ complex chemical composition, the additive, synergistic or anti-synergistic roles of individual
EO constituents are currently being investigated to establish the possible pharmacological activity
thereof [92,93]. This categorization is even more complicated due to the ‘chemotype’ concept, in which
the same plant could produce different EOs characterized by different chemical composition profiles
and, hence, different biological properties [94]. Ocimum tenuiflorum (holy basil), Thymus vulgaris
(thyme), Lavandula angustifolia (lavender) and Mentha piperita (peppermint) are examples of plants with
several chemotypes [95]. Despite this mix up, an effort to characterize EOs is currently taking place in
medical and pharmaceutical fields. This characterization could help to obtain a clearer indication of
EOs’ uses in traditional medicine, chemical or pharmaceutical, as witnessed by almost 5000 articles
published in PubMed (http://pubmed.ncbi.nlm.gov/). In the last decade, an average positive increment
of more than 7% per year was observed in this field [96].

When referring to EOs, their chemical composition and biological activities strictly depend on
habitat, climate condition, season, agronomic practices, soil type, extraction procedures, as well as the
harvesting stages and storage conditions of plants [31,36,37,51,75,97–103]. All these elements should
be taken into account. By analyzing gene expression patterns and metabolic fingerprints, recently
Spring’s group identified environmental factors as regulatory factors of biosynthetic pathways [104].
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Substantial variability was also reported according to the part of plant used for extraction of EOs [83].
Examples are EOs from Helichrysum microphyllum [45] and from Liriodendron tulipifera, and their main
components β-elemene and (E)-nerolidol, showing antiproliferative activity in human melanoma
cells strictly depending on harvesting period [51]. Moreover, EOs from Chrysanthemum boreale
Makino, showed different levels of their component contents and bioactivities among the harvesting
stages [31], while phytoconstituents and bioactivities of EOs from Curcuma kwangsiensis, strictly
depended on the natural habitat [37]. Another example is provided by chemotaxonomical analysis of
Artemisia absinthium, Salvia officinalis, Tanacetum vulgare and Thuja occidentalis, the amount of thujones
(α-thujone and β-thujone) present in the EOs of the four species being strictly related to the plant
organ and to its developmental phase [105]. Moreover, exposure to ultraviolet (UV) light was reported
to induce deterioration of EOs’ biochemical profiles [49] or activation of some EOs [34]. In this
regard, the antiproliferative effect of both Citrus medica and Citrus bergamia EOs and their constituent
bergapten, was observed in human melanoma cells after exposure to UV irradiation, thus indicating
UV irradiation’s ability to activate EOs [34]. In some cases, derivatives of EOs are designed to increase
EOs’ half-life. This is the case of farnesyl-O-acetylhydroquinone, geranyl-O-acetylhydroquinone,
geranyl ester and farnesyl ester derived from geraniol and farnesol. Structure–activity relationship
studies reported the ability of these derivatives to reduce proliferation of mouse melanoma cells more
efficiently than the parental compounds [106,107]. Furthermore, 6-(menthoxybutyryl)thymoquinone,
the terpene conjugate derivative of thymoquinone, was shown to be more active in human melanoma
cells than its parental compound [108]. A cumulative impact of some EOs’ components was also
evidenced: farnesol and nerolidol in combination showed an enhanced antiproliferative effect in mouse
melanoma cells when compared to exposure to single treatments [109].

For all their biological effects, EOs can be considered as an interesting source for therapeutic,
food preservation and/or nutraceutical uses [110–114].

3. Mechanism of Action of EOs in Melanoma

EOs and some of their components exert antitumor activity in melanoma models by affecting
multiple pathways, including inhibition of in vitro cell proliferation, alteration of cell distribution in
the different cell cycle phases, induction of apoptosis, inhibition of in vitro cell invasion and migration,
in vivo tumor growth and metastasization and in vitro/in vivo angiogenesis. Several EOs also act as
chemopreventive agents in melanoma, reduce melanogenesis and show antioxidant properties.

The most frequently used human melanoma models are represented by M14, A2058, A375 cells
and SK-MEL variants. Murine melanoma B16 cells, that originate in the syngeneic C57BL/6 (H-2b)
mouse strain, and its derivatives B16-F1, B16-F10, B16-F10-Nex2, B16-Bl6, B164A5 [115–118] represent
the most used in vivo models. They are employed to evaluate the effect of EOs on tumor growth and
metastasization, as well as tumor angiogenesis, after subcutaneous or intravenous (lateral tail vein)
cell injection [119]. In some cases subretinal, intradermal, intracerebral injection of melanoma cells
is employed [38,86,120,121]. Routes of EO administration include oral, intraperitoneal, intravitreal,
peritumoral, topical as well as inhalation (fragrant environmental).

3.1. Inhibition of Cell Proliferation

Cell viability and proliferation can be detected by a wide range of assays based on several cell
functions, including mitochondrial enzyme and cellular uptake activity, cell membrane permeability
and ATP production. The most used assay is a colorimetric test that evaluates the reduction of
yellow 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide by mitochondrial succinate
dehydrogenase [122]. Analysis of cell proliferation can also be performed by alamarBlue and
PrestoBlue assays, both using reduction of resazurin as an indicator of cell viability [122]. Detection of
5-bromo-2′-deoxyuridine (BrdU)- or 5-ethynyl-2′-deoxyuridine (EdU)- labeled DNA also represents a
valid method to detect viable cells: BrdU or EdU are efficiently incorporated into DNA of replicating
cells by substituting thymidine and their binding to DNA can be detected with specific antibodies [123].
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Moreover, the thymidine incorporation assay, based on measuring the incorporation of methyl-[3H]-
thymidine into the DNA of dividing cancer cells, is frequently used to estimate cell proliferation [124].

A high number of EOs and their components have been found to reduce in vitro
proliferation/viability of melanoma cells, and in some cases the cytotoxic potential has been predicted
by in silico studies [125].

EOs and their main components demonstrated to reduce in vitro proliferation of melanoma cells
are reported in Table 2. The used melanoma models are also indicated in the Table.

Table 2. EOs and their components that have been demonstrated to affect in vitro or in vivo melanoma
growth and metastasization.

Pathway Affected Plant Name from Which EOs
Were Extracted

EO Active
Components

In Vitro and In
Vivo Models Reference

In vitro cell
proliferation

Annona Vepretorum
Spathulenol,

o-cymene,
α-pinene

B16-F10 [25]

Anthemis wiedemanniana - C32 [26]

Artemisia anomala - BRO [27]

Casearia lasiophylla - UACC-62 [30]

Citrus bergamia Bergapten A375 [34]

Citrus medica Limonene A375 [34,126]

Coleus aromaticus Carvacrol A375 [127]

Curcuma aromatica - B16 [36]

Curcuma kwangsiensis - B16 [37]

Curcuma zedoaria - B16-Bl6 [38]

Eryngium amethystinum - A375 [40]

Eryngium campestre - A375 [40]

Eugenia cuspidifolia - SK-MEL-19 [42]

Eugenia tapacumensis - SK-MEL-19 [42]

Eugenia uniflora Curzerene SK-MEL-19 [43]

Helichrysum microphyllum - A375 [45]

Heracleum sphondylium Octyl butyrate A375 [46]

Hypericum hircinum - B16-F1 [47]

Laurus nobilis - C32 [48]

Lippia gracilis - B16-F10 [50,128]

Liriodendron tulipifera β-Elemene A375 [51]

Melaleuca alternifolia Terpinen-4-ol A375, M14, B16-F10 [52,129,130]

Melaleuca quinquenervia
1,8-Cineole,
α-Pipene,

α-Terpineol
B16 [53]

Myrcia laruotteana - UACC-62 [55]

Nectandra leucantha Bicyclogermacrene B16-F10-Nex2 [57]

Perilla frutescens Isoegomaketone B16 [60]

Piper aleyreanum - SK-MEL-19 [61]

Piper cernuum Camphene B16-F10-Nex2 [62]

Piper klotzschianum - B16-F10 [63]

Porcelia macrocarpa - B16-F10-Nex2 [69]
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Table 2. Cont.

Pathway Affected Plant Name from Which EOs
Were Extracted

EO Active
Components

In Vitro and In
Vivo Models Reference

Pterodon emarginatus - MeWo [70]

Salvia aurea - M14, A375, A2058 [71]

Salvia bracteata - M14 [72]

Salvia judaica - M14, A375, A2058 [71]

Salvia officinalis - A375, M14, A2058,
B164A5 [74,101]

Salvia rubifolia - M14 [72]

Salvia verbenaca - M14 [75]

Salvia viscosa - M14, A375, A2058 [71]

Satureja hortensis - B164A5, A375 [77]

Schinus terebinthifolius Raddi α-Pipene, β-pipene,
pipane

B16-F10-Nex2,
A2058 [78]

Stachys germanica - C32 [79]

Stachys parviflora - B16-F10 [80]

Syzygium aromaticum Eugenol B16 [81]

Tagetes erecta - B16-F10 [82]

Tanacetum macrophyllum - A375 [83]

Thuja occidentalis Thujone A375 [131]

Thymus alternans - A375 [84]

Thymus munbyanus - A375 [85]

Thymus vulgaris - B164A5, A375 [74]

Vitex Trifolia Abietatriene B16-F10 [89]

Carvacrol SK-MEL-2 [132]

Citral
B16-F10,

SK-MEL-147,
UACC-257

[133]

Eugenol

SK-MEL-2, A2058,
SK-MEL-28, Sbcl2,
WM3211, WM98-1,

WM1205Lu,
LCM-MEL

GR-MEL, 13443

[132,134–136]

Farnesol B16, B16-F10 [106,109]

Farnesyl
anthranilate B16 [106,107]

Farnesyl-O-
acetylhydroquinone B16 [106]

Menthol A375 [137]

Neridol B16 [109]

Thymol SK-MEL-2 [132]

Zerumbone CHL-1, A375 [138,139]

β-Caryophyllene B16-F10 [140]
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Table 2. Cont.

Pathway Affected Plant Name from Which EOs
Were Extracted

EO Active
Components

In Vitro and In
Vivo Models Reference

In vitro tumor
progression-
associated
functions

Alpinia zerumbet - HUVEC [141]

Eugenia uniflora Curzerene SK-MEL-19 [43]

Melaleuca alternifolia Terpinen-4-Ol M14 [142]

Pituranthos tortuosus - B16-F10 [66]

Satureja hortensis - B164A5, A375 [77]

Myrtenal B16-F0, B16-F10,
SK-MEL-5 [143]

Thujone B16-F10 [144]

Thymoquinone B16-F10, A375 [145]

Zerumbone CHL-1 [138]

In vivo tumor
growth and

metastasization

Annona Vepretorum
Spathulenol,

o-cymene,
α-pinene

B16-F10 (C57BL/6J) [25]

Boswellia carterii - B16-F10 (C57BL/6) [146]

Curcuma zedoaria - B16-Bl6 (C57BL/6) [38]

Melaleuca alternifolia - B16-F10 (C57BL/6J) [147]

Perilla frutescens Isoegomaketone B16 (C57BL/6N) [60]

Piper cernuum Camphene B16-F10-Nex2
(C57BL/6) [62]

Pituranthos tortuosus - B16-F10 (BALB/c) [65,66]

Plectranthus amboinicus - B16-F10 (C57BL/6) [67]

Salvia officinalis β-Ursolic acid B16 (C57BL/6) [148]

Schinus terebinthifolius Raddi α-Pipene B16-F10-Nex2
(C57BL/6) [149]

Tridax procumbens - B16-F10 (C57BL/6) [86]

Zornia brasiliensis - B16-F10 (C57BL/6) [91]

Eugenol B16 (B6D2F1) [135]

Limonene B16-F10 (C57BL/6) [150]

Myrtenal B16-F10 (C57BL/6) [143]

Perillic Acid B16-F10 (C57BL/6) [150]

Thujone B16-F10 (C57BL/6) [144]

Thymoquinone B16-F10 (C57BL/6) [121,151]

α-Pinene B16-F10-Nex2
(C57BL/6) [149]

β-Caryophyllene B16-F10
(C57BL/6N) [140]

β-Elemene B16-F10 (C57BL/6) [120,152]

where not indicated, EO active components were not available from the cited articles. When referred to in vivo
studies, the murine strain used is indicated in brackets. Human Umbilical Vein Endothelial Cells (HUVEC).

3.2. Alteration of Cell Cycle Distribution

Cell cycle transition is a process involving multiple checkpoints, which control growth signals,
cell size and DNA integrity. It is regulated by active forms of cyclin-dependent kinases, which control
the passage of cells from one phase of the cell cycle to another. Cyclin-dependent kinases act as cell
cycle regulators to elicit cell cycle arrest in response to DNA damage [153]. Cytofluorimetric analysis
of cells stained with the DNA intercalator, propidium iodide, represents the most used methods to
analyze cell cycle transition.
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Several authors demonstrated the ability of EOs or their constituents to induce DNA damage in
melanoma cells, and consequently inducing delay/arrest in the different cell cycle phases. Recently,
Ramadam et al. reported the Melaleuca alternifolia EO (Tea tree oil, TTO) ability to induce cell cycle
arrest at the G2/M phase of A375 cells [129], while in a previously published study, Beilharz’s group
described the TTO ability to elicit G1 cell cycle arrest in B16 cells [130]. In addition, α-santalol, the main
component of Santalum album (Sandalwood oil) [154], in UACC-62 cells induced G2/M phase arrest
through down-regulation of proteins critical for G2/M transition, such as cyclin A/Cdk2 and cyclin
B/Cdc2 complexes, as well as microtubule depolymerisation. It also increased expression of wild-type
p53 [155]. Eugenol, a component present in many EOs including Syzygium aromaticum (Clove oil)
and Cinnamomum zeylanicum [156], abrogated the G2/M phase in A2058 but not in SK-MEL-28 cells.
It was also reported to arrest WM1205Lu cells in the S phase of the cell cycle through the inhibition
of E2F1 transcription factor activity. E2F1 is a key cell cycle regulator, targeting genes that encode
proteins involved in G1/S transition [134,135]. Eugenol also reduced the expression of proliferation cell
nuclear antigen in A2058 cells [134]. Given the role of E2F1 in melanoma progression and resistance
to therapy [157,158], the authors also suggested that eugenol could be developed as an E2F-targeted
agent for melanoma treatment. Farnesol (a mixture of trans, trans and cis, trans isomers) and nerolidol,
present in different EOs including that from Psidium guajava [159], induced an increase in cells in
the G0/G1 phase, concomitant with a reduction in the S phase, and a cumulative impact of the two
compounds was evidenced in B16 cells [109].

The different response between cell lines sometimes observed after exposure to the same EO
indicate a non-generalizable and cell-type specific effect or is due to differences in the composition
of the EOs’ used in the distinct studies. The genetic background of the cell lines tested should be
also considered: some melanoma cells harbor activating BRAFV600E mutations (A375, M14, A2058,
SK-MEL-5, SK-MEL-19, SK-MEL-28, UACC-62, UACC-257, 518A2, G-361, WM266) not present in
other ones (B16, Sbcl2, CHL1, WM3211, SK-MEL-147, MeWo, RPMI-7932) (https://web.expasy.org/

cellosaurus/), or harbor different mutations (i.e., NRAS, CDKN2A, TP53, TERT). A better understanding
of these cell-to-cell differences is crucial for a deeper comprehension of the EO mechanism of action.

EOs and their main components demonstrated to induce cell cycle perturbation of melanoma
cells are reported in Table 3. The used melanoma models are also listed in the Table.

Table 3. EOs and their components that were demonstrated to affect cell cycle distribution, apoptosis,
necrosis and autophagy of melanoma cells.

Pathway Affected Plant Name from Which
EOs Were Extracted

EO Active
Components

In Vitro and In Vivo
Melanoma Models Reference

Cell cycle

Melaleuca alternifolia Terpinen-4-ol A375, B16 [129,130]

Santalum album α-Santol UACC-62 [155]

Eugenol A2058, WM1205Lu,
Sbcl2, WM3211 [134,135]

Farnesol B16 [109]

Neridol B16 [109]

Annona Vepretorum
Spathulenol,

o-cymene,
α-pinene

B16-F10 [25]

Boswellia carterii B16-F10, FM94 [146]

Coleus aromaticus Carvacrol A375 [127]

Eugenia uniflora Curzerene SK-MEL-19 [43]

Melaleuca alternifolia Terpinen-4-Ol A375,
M14 [52,129]

Perilla frutescens Isoegomaketone B16 [60]
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Table 3. Cont.

Pathway Affected Plant Name from Which
EOs Were Extracted

EO Active
Components

In Vitro and In Vivo
Melanoma Models Reference

Piper cernuum Camphene B16-F10-Nex2 [62]

Pituranthos tortuosus - B16-F10 [66]

Salvia aurea - M14 [71]

Salvia bracteata - M14 [72]

Salvia judaica - M14 [71]

Salvia officinalis - A375, M14, A2058 [101]

Salvia verbenaca - M14 [75]

Salvia viscosa - M14 [71]

Salvia rubifolia - M14 [72]

Schinus terebinthifolius Raddi α-Pipene B16-F10-Nex2, A2058 [78,149]

Thuja occidentalis Thujone A375 [131]

Tridax procumbens - B16-F10 (C57BL/6) [86]

Citral B16-F10, SK-MEL-147,
UACC-257 [133]

Eugenol A2058, SK-MEL-28 [134–136]

Linalool RPMI-7932 [160]

Menthol A375, G-361 [161,162]

Thymoquinone B16-F10 [121]

Zerumbone CHL-1, A375 [138,139]

Apoptosis

β-Carophyllene B16-F10 (C57BL/6N) [140]

Necrosis and
autophagy

Melaleuca alternifolia Terpinen-4-Ol B16 [130]

Salvia aurea - M14 [71]

Salvia bracteata - M14 [72]

Salvia judaica - M14 [71]

Salvia viscosa - M14 [71]

Salvia rubifolia - M14 [72]

Citral B16-F10 [133]

3.3. Induction of Apoptosis

Apoptosis is a programmed cell death characterized by the activation of a group of intracellular
caspases leading to a cascade of events connected with various substrates, including poly(ADP-ribose)
polymerase-I (PARP), and internalization by phagocytes [163,164]. Hallmarks of apoptosis include
cell shrinkage, formation of apoptotic bodies, DNA fragmentation, heterochromatin aggregation and
activation of caspases and substrates such as PARP. Exposure of phosphatidyl serine on the cell surface,
change in the mitochondrial membrane potential, as well as change in the ratio of mRNA expression of
pro- and anti-apoptotic proteins, also represent features of apoptotic cells. The presence of a sub-G0/G1
population in the cell cycle is considered indicative of DNA damage and apoptosis [165]. Comet assay,
a genotoxic test, can be used as an indicator of early apoptosis, since cells entering apoptosis undergo
DNA fragmentation resulting in the characteristic images. In these images the tail and the head
indicate, respectively, fragmented and intact DNA [166].

Most EOs have been reported to cause cell death of melanoma cells, primarily inducing apoptosis,
and hallmarks of apoptosis were recognized in melanoma cells treated with a huge number of EOs or
their components. TTO induced apoptosis in A375 cells through the activation of caspases 3, 7 and
9, upregulation of p53 and Bax proapoptotic proteins and downregulation of bcl-2 antiapoptotic
protein [129]. TTO and its main active component, terpinen-4-ol, also induced apoptosis in both
adriamycin-sensitive and -resistant M14 cells: interaction with plasma membrane and subsequent
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reorganization of membrane lipid architecture has been identified as a possible mechanism through
which TTO induced caspases dependent apoptosis [52,167]. Moreover, EO from Salvia verbenaca
showed proapoptotic effects in M14 cells, and the EOs from cultivated plants exhibited major effects
when compared to those growing in natural sites [75], thus further confirming the relevance of cultivar
conditions on EOs activity. The same group also pointed a proapoptotic activity of Salvia officinalis
EO in A375, M14 and A2058 cells, the percentages of main components depending on environmental
factors [101]. The authors also suggested activation of apoptosis by Salvia rubifolia and Salvia bracteata
EOs in M14 cells using a Comet assay [72,166]. Boswellia carterii EO (frankincense oil) was found
to induce apoptosis through downregulation of Bcl-2 and up regulation of Bax proteins in B16-F10
cells, while inducing down regulation of Mcl-1 and cleavage of caspase 3 and 9 and PARP in human
melanoma FM94 cells. On the contrary, proliferation of normal human epithelial melanocytes was
not affected [146]. EOs extracted from Pituranthos tortuosus and Annona Vepretorum and their major
constituents spathulenol, o-cymene and α-pinene, induced apoptosis of B16-F10 cells [25,66].

Hallmarks of apoptosis were also recognized in cells treated with several EO components,
including camphene, α-pinene, eugenol, linalool, zerumbone, carvacrol, thujone, curzerene, citral,
thymoquinone, isoegomaketone and menthol. Camphene isolated from Piper cernuum EO, induced
apoptosis in B16-F10-Nex2 cells through loss of mitochondrial membrane potential, activation of
caspases 3, endoplasmic reticulum stress, release of calcium, increased expression of high mobility
group box 1 (HMGB1) and cell surface calreticulin [62]. The induction of HMGB1 and calreticulin after
treatment with camphene could elicit immunogenic cell death, a relevant pathway for the activation
of the immune system [168]. In B16-F10-Nex2 cells, α-pinene, a component present in many EOs
including those from Schinus terebinthifolius, Tridax procumbens, Pituranthos tortuosus, Annona Vepretorum
and Boswellia carterii [169], induced disruption of the mitochondrial potential, production of reactive
oxygen species (ROS), activation of caspase 3, aggregation of heterochromatin, fragmentation of DNA
and exposure of phosphatidyl serine on the cell surface [149,169]. Experiments performed to identify
the structure/activity relationship, indicated the presence of a double bond in the α-pinene structure as
crucial for its cytotoxic potential against both B16-F10-Nex2 and A2058 cells [78].

Proapoptotic properties, in terms of DNA fragmentation, phosphatidylserine exposure,
and mitochondrial damage were reported by eugenol and the 6,6′-dibromo-dehydrodieugenol (S)
enantiomeric form, in established and primary melanoma cells from patient tissue samples, with no
effect on fibroblasts. Clastogenesis analysis and clonogenic assay also pointed out the ability of eugenol,
respectively, to induce DNA breaks and to reduce colony forming potential, through a direct cytotoxicity
or a lingering antiproliferative effect, in A2058 and SK-MEL-28 cells [134,136,170]. Scanning electron
microscopy and transmission electron microscopy demonstrated that linalool, present in several EOs
including those from Citrus bergamia, induced morphological changes and apoptosis in RPMI-7932
human melanoma cells while not affecting proliferation of normal keratinocytes [160].

The proapoptotic effect of zerumbone, one of the main constituents of EOs from Zingiber zerumbet
and Cheilocostus speciosus [171] was proved in human melanoma CHL-1 cells through induction of
ROS, reduction of mitochondrial matrix potential and mitochondrial biogenesis mediated by reduced
mitochondrial ATP synthesis, mitochondrial DNA levels, and mRNA expression of mitochondrial
transcription factor A level, a mitochondrial biogenesis factor [138]. Activation of apoptosis through
downregulation of Bcl-2 and upregulation of Bax and cytochrome c gene and protein levels, as well
as activation of caspases 3, was also observed in A375 cells after treatment with zerumbone [139].
Morphological and biochemical features of apoptosis in A375 cells were also induced by carvacrol,
the main constituent isolated from Coleus aromaticus and present in other EOs, such as those from
Origanum ehrenbergii, Origanum syriacum and Satureja hortensis [127]. EO fractions rich in thujone,
isolated from Thuja occidentalis [172], induced apoptosis in A375 cells, with minimal growth inhibitory
responses when exposed to normal cells [131]. Curzerene from Eugenia uniflora activated apoptosis in
SK-MEL-19 cells [43].
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Induction of apoptosis, necrosis, and autophagy was observed in B16-F10 cells after treatment
with citral, a key component of EOs from Cymbopogon citrates, Melissa officinalis and Verbena officinalis.
Apoptosis was associated with reduction of extracellular signal-regulated kinase-1 (ERK-1) and -2
(ERK-2), AKT and nuclear factor kappa B (NF-kB), as well as, induction of oxidative stress, DNA lesions,
ROS and lipid peroxidation. SK-MEL-147 and UACC-257 cells showed a lower sensitivity to citral,
when compared to B16-F10 cells [133].

Data pointing toward a proapoptotic activity of thymoquinone, a constituent of the EOs from
Nigella sativa and Thymus species, have been also reported in B16-F10 cells through JAK2/STAT signal
transduction [121]. Isoegomaketone from Perilla frutescens trigged ROS-mediated caspase-dependent
and -independent apoptosis in B16 cells. In vitro studies were supported by in vivo experiments
demonstrating that oral gavage of isoegomaketone in mice subcutaneously carrying B16 melanoma
inhibited tumor growth, induced apoptosis, as well as increased Bax/Bcl-2 ratio [60].

Menthol, a compound present in EOs such as peppermint and mint has been reported to exert
in vitro cytotoxic effect in A375 cells and to induce morphological changes, such as cell shrinkage
and ruptured membranes, indicative of apoptosis. Decrease in transient receptor potential melastatin
8 (TRPM8), at the transcript level, was also evidenced following treatment with menthol. TRPM8
is a membrane receptor involved in the regulation of calcium ion influx and melanocytic behavior,
and upregulated in melanoma [173]. The authors also hypothesized that the effect of menthol
on TRPM8 expression could be linked to both decrease in cell proliferation and increase in cell
death [137,161]. Menthol induced cytotoxicity was also pointed out in G-361 melanoma cells through
a TRPM8-dependent mechanism only when using high doses of menthol [162], thus indicating a
significant difference between A375 and G-361 cells in the sensitivity to menthol.

EOs and their main components demonstrated to induce apoptosis in melanoma cells are reported
in Table 3. The in vitro and in vivo melanoma models used are also listed in the Table.

3.4. Induction of Necrosis or Modulation of Autophagy

Necrosis is a non-programmed cell death that, contrary to apoptosis, does not use a highly
regulated intracellular program. Necrotic cells have usually lost cell membrane integrity and release
products and enzymes in the extracellular space, with consequent activation of an inflammatory
response. They are taken up and internalized by macropinocytotic mechanisms [163].

Autophagy is a recycling process playing a relevant role in cell survival and maintenance. Through
the analysis of LC3II protein expression, presence of dot-like formations of endogenous LC3 protein and
its colocalization with the lysosome marker LAMP-1, degradation of the specific autophagy substrate
p62, use of early and late autophagy inhibitors, it is possible to analyze whether a particular compound
affects autophagy, inducing autophagy rather than decreasing autophagosomal turnover [174,175].

Only a few EOs have been reported to induce necrosis in melanoma cells. Among them,
TTO and its major active component, terpinen-4-ol, induced necrotic cell death coupled with low
level apoptotic cell death in B16 cells. Necrosis was evidenced by ultrastructural features, including
cell and organelle swelling, identified by video time lapse microscopy and transmission electron
microscopy [130]. Measurement of lactate dehydrogenase (LDH) release from the cytosol into the
supernatant demonstrated cellular membrane damage associated with necrosis in B16-F10 cells exposed
to citral. Apoptosis induction and signs of autophagy were also evident after treatment with citral [133].
EOs distilled from Salvia bracteata, Salvia rubifolia, Salvia aurea, Salvia judaica and Salvia viscosa induced
apoptosis and necrosis in M14 cells [71,72].

Regarding autophagy, some EOs or their components, have been found to affect basal autophagy
or to trigger autophagy induced by serum starvation and/or rapamycin in cancer cells from different
origin, indicating an mTOR independent mechanism [176]. α-Thujone, D-limonene, terpinel-4-ol
and β-elemene are all components of EOs reported to affect in vitro and/or in vivo melanoma growth
or melanogenesis [120,131,144,152,177] and to induce autophagy, respectively, in glioblastoma [178],
neuroblastoma [179], leukemic [180] and breast carcinoma [181] cells. To the best of our knowledge,
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no studies exist regarding the ability of these or other EO components to induce autophagy or to affect
autophagic flux in melanoma cells. Generation of autophagic vacuoles in B16-F10 cells was observed
after treatment with citral. The authors suggested that B16-F10 cells shifted cellular metabolism,
trying to recycle damaged structures by oxidative stress under treatment with citral, but no further
characterization of autophagy was provided [133].

EOs and their main components demonstrated to induce necrosis or to modulate autophagy in
melanoma cells are reported in Table 3. The in vitro melanoma models used are also listed in the Table.

3.5. Inhibition of Angiogenesis and Lymphangiogenesis

Angiogenesis, the formation of new blood vessels from existing microvessels, plays a relevant role
in the growth and metastasization of many tumors, including melanoma [182]. Lesions at the beginning
stage do not grow in the absence of angiogenesis or inflammation [183]. Furthermore, vasculogenic
mimicry (VM) and lymphangiogenesis contribute to the metastatic spread of melanoma [184]. VM and
lymphangiogenesis represent, respectively, the ability of cells to form networks of vessel-like channels
and the formation of lymphatic vessels from pre-existing ones. Thus, inhibition of angiogenesis, VM or
lymphangiogenesis, could represent a valid strategy for melanoma prevention and treatment. Vascular
endothelial growth factor (VEGF) is one of the most important angiogenic factors that, through its
binding to the receptor tyrosine kinase VEGFR, and the formation of a VEGF–VEGFR complex, induces
angiogenesis (VEGF-A) or lymphangiogenesis (VEGF-C, VEGF-D) [185,186].

The ability to reduce angiogenesis has been highlighted in several EOs and their components.
In particular, in vitro endothelial cells and in vivo/ex vivo assays such as, rat aortic ring, matrigel
plug and chick embryo chorioallantoic membrane (CAM), have been used to study the effect of EOs
on the formation of new blood vessels from pre-existing ones. Figure 1A summarizes pro- and anti-
angiogenic factors regulated by EOs or their components.

EO from Pistacia lentiscus (Mastic oil) has been extensively studied due to its antiangiogenic
effect attributed to both its activities on in vitro endothelial cell proliferation and in vivo microvessel
formation. It also inhibited VEGF release by B16 cells. Investigation of underlying mechanism by
Pistacia lentiscus EOs in endothelial cells demonstrated activation of RhoA, a regulator of neovessel
organization [64]. Tridax procumbens EO, when administered intraperitoneally, inhibited capillary
formation in B16-F10 injected intradermally on the shaven ventral skin of C57BL/6 mice [86]. Using the
same experimental model, the Plectranthus amboinicus EO ability to reduce tumor-directed blood
vessel formation was also evidenced [67]. In addition, EO from Curcuma zedoaria was reported
to suppress in vitro proliferation of human umbilical vein endothelial cells, sprouting vessels of
aortic ring and formation of microvessels in CAM. The antiangiogenic effect was also confirmed by
immunohistochemical analysis of tumors showing a reduced expression of the endothelial marker
CD34 after oral administration of Curcuma zedoaria EO in C57BL/6 mice carrying B16-Bl6 melanoma [38].

Regarding EO components, several groups reported that β-elemene, one of the most active
constituents of Curcuma zedoaria and Curcuma wenyujin EOs, inhibited the VEGF-induced sprouting
vessel of rat aortic ring, microvessel formation of CAM, as well as CD34 and VEGF expression in
C57BL/6 mice carrying B16-F10 melanoma after subretinal injection. VEGF expression in serum and
lung of mice was also inhibited following treatment with β-elemene [120,152]. In vitro and in vivo
studies carried out by Jung’s group highlighted the ability of dietary β-caryophyllene, a component
found in many EOs (basil, black pepper, cinnamon, cannabis, lavender, rosemary, cloves, oregano),
to suppress high fat diet (HDF)-induced in vitro and in vivo angiogenesis and lymphangiogenesis.
In particular, dietary β-caryophyllene reduced the expression at transcriptional and protein level of
hypoxia inducible factors 1α, VEGF-A, CD31 and VE-cadherin observed in the tumors of HFD-fed
mice. In addition, the HFD-stimulated expression of VEGF-C, VEGF-D, VEGF-R3 and lymphatic vessel
endothelial receptor was prevented by β-caryophyllene supplementation in the diet. The authors
indicate the effect of β-caryophyllene in angiogenesis as one of the most important mechanisms for
reduced tumor growth in β-caryophyllene-fed mice [140].
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Figure 1. EOs and their components reduce tumor angiogenesis, lymphangiogenesis (A) and tumor
metastasization, by targeting proteins responsible for tumor dissemination (B) and tumor-promoting
inflammation (C). Angiopoietin 2 (ANGPT2), vascular endothelial growth factor (VEGF), hypoxia
responsive factor 1α (HIF-1α), lymphatic vessel endothelial receptor (LYVE-1), cluster of differentiation
31 (CD31), cluster of differentiation 34 (CD34), vascular endothelial cadherin (VE-cadherin), fibroblast
growth factor 2 (FGF-2), phospho vascular endothelial growth factor receptor 2 (pVEGFR2), phospho
fibroblast growth factor receptor-1 (pFGFR1), krüppel-like factor 4 (KFL4), programmed death-ligand 1
(PD-L1), tissue inhibitor of metalloproteinase-1 (TIMP-1) and -2 (TIMP-2), extracellular signal-regulated
kinase-1 (ERK-1) and -2 (ERK-2), focal adhesion kinase (FAK), growth factor receptor-bound protein
2 (Grb2), urokinase-type plasminogen activator (uPA), uPA receptor (uPAR), metalloproteinases-2
(MMP-2) and -9 (MMP-9), nuclear factor kappa B (NF-kB), NLR family pyrin domain containing 3
(NLRP3), interleukin 1β (IL-1 β), interleukin 6 (IL-6), interleukin 2 (IL-2), tumor necrosis factor-α
(TNF-α), transforming growth factor β1 (TGF-β1), macrophage colony stimulating factor (M-CSF),
granulocyte-macrophage colony stimulating factor (GM-CSF), monocyte chemoattractant protein-1
(MCP-1), keratinocyte chemoattractant (KC). Proteins that are upregulated by EOs or their components
are reported in green, proteins that are downregulated by EOs or their components are reported in red.
Parts of the figure are drawn using pictures from Servier Medical Art (https://smart.servier.com).

Even if a direct effect on melanoma angiogenesis has not yet been reported, several EOs or their
components have been found to affect in vitro endothelial functions and/or in vivo neovascularisation.
Among them, EOs from Hypericum perforatum [187] and Myristica fragrans [56] should be mentioned,
together with coated-dacarbazine eugenol liposomes, for their ability to reduce proliferation and
migration of endothelial-like cells [188]. Citrus lemon EO nanoemulsions have been found to decrease
angiogenesis in CAM [189]. Interestingly, when analyzing the effect of the ointment prepared from
Salvia officinalis EO on the healing process of an infected wound mouse model, Farahpour et al.
demonstrated that, in addition to antioxidant and anti-inflammatory properties, Salvia officinalis EO
accelerates the wound healing process. This process requires coordination of overlapping distinct
cellular activities including angiogenesis. Promotion of the healing process by Salvia officinalis EO was
attributed to enhanced angiogenesis through upregulation of VEGF and fibroblast growth factor-2
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(FGF-2) expression. An increase in the number of blood vessels and fibroblasts, through cyclin-D1
pathway activation and enhanced expression of Bcl-2, was also observed [190]. A positive effect on
wound healing process has also been described for other EOs such as lavender EO, TTO, Alpinia zerumbet
and Chrysantemum boreale Makino EO and their use has been suggested for the treatment of wounds,
burns, abscesses or diseases such as diabetes [191–194]. Thus, the antiangiogenic property or the
positive effect on wound healing showed by some EOs should be considered when proposing them for
treatment of cancer or other diseases.

The ability to interfere with the process of angiogenesis has also been attributed to zerumbone,
perillyl alcohol and curcumol, three components of many EOs. Zerumbone, has been found to
inhibit proliferation, migration, and morphogenesis, but not viability of endothelial cells, as well as
the outgrowth of new blood vessels in rat aortic rings, vessel formation in the matrigel plug and
CAM assays. All these effects were mediated by downregulation of phosphorylation of VEGFR2 and
fibroblast growth factor receptor-1, two essential signaling pathways for angiogenesis [195,196]. Perillyl
alcohol, a component of Anethum graveolens, Conyza newii and Citrus limon EOs [197], blocked the growth
of new blood vessel in the in vivo CAM assay and inhibited the in vitro morphogenic differentiation
of endothelial cells. Perillyl alcohol also reduced proliferation and induced both apoptosis and the
expression of the antiangiogenic molecule, angiopoietin 2, in endothelial cells, indicating that it
exerted its effect through both vessel regression and neovascularization suppression [198]. Curcumol,
a representative component for the quality control of the EO of Curcuma wenyujin, inhibited angiogenesis
by reducing PD-L1 expression in endothelial cells. In particular, addition of curcumol reduced the
expression of VEGF and metalloproteinase-9 (MMP-9) and tube formation induced by PD-L1. It also
cooperated with the ability of PD-L1 silencing to downregulate VEGF and MMP-9 expression and
morphogenesis of endothelial cells [199].

EOs and their main components demonstrated to affect angiogenesis by using both endothelial
and melanoma models are reported in Table 4. The used in vitro and in vivo models are also listed.

Table 4. EOs and their components that have been demonstrated to affect in vitro and in vivo
angiogenesis and lymphangiogenesis.

Plant Name from Which
EOs Were Extracted EO Active Components In Vitro and In Vivo Models Reference

Citrus lemon - CAM [189]

Curcuma zedoaria - HUVEC, CAM, rat aortic ring assay,
B16-Bl6 (C57BL/6) [38]

Hypericum perforatum - EAhy.926 [187]

Myristica fragrans - EAhy.926 [56]

Pistacia lentiscus - B16 [64]

Plectranthus amboinicus - B16-F10 (C57BL/6) [67]

Salvia officinalis - Infected wound model (BALB/c) [190]

Tridax procumbens - B16-F10 (C57BL/6) [86]

Curcumol HUVEC [199]

Eugenol EAhy.926 [188]

Perillyl Alcohol BLMVEC, HUVEC, B16-F10 [198]

Zerumbone HUVEC, CAM, rat aortic ring assay [195,196]

β-Caryophyllene B16-F10 (C57BL/6N) [140]

β-Elemene CAM, rat aortic ring assay, B16-F10
(C57BL/6) [120,152]

Human Umbilical Vein Endothelial Cells (HUVEC), transformed human umbilical vein endothelial cells produced
by fusion of A549/8 lung adenocarcinoma with human umbilical endothelial cells (EAhy.926), Bovine Lung
Microvascular Endothelial Cells (BLMVEC), chick embryo chorioallantoic membrane (CAM). Where not reported,
EO active components were not available in the cited paper. When referrring to in vivo studies, the murine strain
used is indicated in brackets.
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3.6. Alteration of In Vitro Tumor Progression-Associated Functions and Inhibition of In Vivo Tumor Growth
and Metastasization

Tumor metastasization, the spread of tumor cells from the primary site to distant organs, represents
the main cause of death of cancer patients, including those affected by melanoma. Thus, new therapeutic
approaches, which are able to block functions associated to tumor progression, or even to prevent
metastasization, represent a big turning point for cancer therapy. Several studies reported that the
antimetastatic potential of EOs goes across the regulation of inflammatory cytokines and chemokines.
Figure 1B,C summarizes factors regulated by EOs and responsible for tumor dissemination and
tumor-promoting inflammation.

Several studies demonstrated EOs’ ability to affect in vitro tumor progression-associated functions
and in vivo tumor growth and metastasization. EO from Alpinia zerumbet was shown to inhibit
transforming growth factor (TGF)-β1-induced endothelial-to-mesenchymal transition in endothelial
cells through regulation of Krüppel-like factor 4. Activation of endothelial-to-mesenchymal transition,
a process in which endothelial cells switch from the endothelial to a mesenchymal-like phenotype,
cell marker and functions, contribute to cancer progression [141].

Treatment of A375 cells with EOs from Satureja hortensis inhibited the in vitro cell migration process,
while not affecting migration of normal keratinocytes and fibroblasts [77]. TTO and its main active
component, terpinen-4-ol, interfered with in vitro cell migration and invasion of adriamycin-sensitive
and -resistant M14 cells by inhibiting the intracellular pathway induced by the multidrug transporter
p170 glycoprotein [142]. In vivo results also reported that topical TTO formulation was able to slow
the growth of B16-F10 melanoma subcutaneously injected in C57BL/6J mice. The treatment was
accompanied by a quick and complete disappearance of skin irritation together with recruitment
of neutrophils and other immune effector cells in the treated area, while it did not induce systemic
toxicity [147]. Both studies highlighted the potential of TTO in topical formulations as a promising
chemopreventive candidate or as an alternative topical antitumor treatment against melanoma.

Through its component β-ursolic acid, Salvia officinalis EO, inhibited proteases implicated in
the mechanisms by which tumor cells metastasize, such as serine proteases (trypsin, thrombin and
urokinase) and the cysteine protease cathepsin B. In vivo inhibition of lung colonization of B16 mouse
melanoma cells by intraperitoneal administration ofβ-ursolic acid was also highlighted [148]. After oral
administration, Curcuma zedoaria EO was reported to suppress in vivo growth of B16-Bl6 tumors after
subcutaneous cell injection into the left oxter of C57BL/6 mice, and their metastasization to the lung.
A reduced expression of MMP-2 and MMP-9 in serum of treated mice was also evidenced after
treatment with Curcuma zedoaria EO [38].

Intraperitoneal treatment with Boswellia carterii EO reduced the tumor burden in C57BL/6 mice
carrying the B16-F10 model, while it did not elicit a detrimental effect on body weight. The authors
also reported hepatoprotection by the EO [146]. Considering that liver injury is a frequent consequence
of melanoma drug treatments [200,201], this represents an important remark. In the same experimental
model, EO from Pituranthos tortuosus inhibited in vitro cell migration and invasion, focal adhesion and
invadopodia formation. It also induced downregulation of kinases, and molecules involved in cell
movement and migration, such as FAK, Src, ERK, p130Cas and paxillin. A decreased expression of
p190RhoGAP and Grb2, which impaired cell migration and actin assembly, was also induced by the
Pituranthos tortuosus EO. In vivo treatment of B16-F10 carrying mice with intraperitoneal administered
Pituranthos tortuosus EO led to impaired tumor growth with no sign of abnormal behavior or adverse
toxicity [66].

Zornia brasiliensis [91] and Annona vepretorum [25] EOs intraperitoneally administered in
C57BL/6 mice subcutaneously carrying B16-F10 melanoma elicited antitumor activity. Importantly,
microencapsulation of the Annona vepretorum EO with β-cyclodextrin, used to form inclusion complexes
with EO and to improve their characteristics, further increased in vivo tumor growth inhibition
with respect to free-EO to the level induced by dacarbazine [202]. While not showing any lethal
effect/abnormality on mice when injected intraperitoneally, EO from Tridax procumbens elicited a
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reduction of tumor lung nodules of B16-F10 cells injected through the tail vein. Increased apoptosis,
associated with enhanced p53 expression, was also observed after treatment. Decrease in body weight,
increase in white blood cells and decrease in haemoglobin observed in untreated group, were almost
normalized in the EO treated group [86]. Using the same experimental model, the same group
also evidenced the ability of EO from Plectranthus amboinicus to decrease experimental metastase
formation [67].

Moreover, some EO components were reported to inhibit tumor progression-associated properties
and in vivo metastasization. In this regard, zerumbone [138] and curzerene from Eugenia uniflora
EO [43] inhibited in vitro migration of CHL-1 and SK-MEL-19 cells, respectively.

In the Section 3.5, we reported that β-caryophyllene reduced angiogenesis and lymphangiogenesis.
In addition to these effects, β-caryophyllene in tumor tissues also reduced M2 macrophages and
macrophage mannose receptors. Reduction of cytokines promoting macrophage recruitment and
differentiation toward M2 type, such as keratinocyte chemoattractant, monocyte chemoattractant
protein-1 (MCP-1) and macrophage colony stimulating factor, were also observed. β-Caryophyllene
also increased the number of apoptotic cells and the expression of apoptosis related proteins Bax and
activated caspases 3. In the adipose tissues surrounding the lymphnode, β-caryophyllene reduced M2
macrophages and blocked the CCL19-CCL21/CCR7 axis, a signaling pathway important for recruitment
of CCR7-expressing cancer cells or leukocytes to lymphnodes. The authors suggested the use of
β-caryophyllene for people with high risk of melanoma and/or consuming a high-fat diet regimen [140].

The antimetastatic potential of thujone was demonstrated after injection of B16-F10 cells in the
lateral tail vein of C57BL/6 mice. In addition to the reduction of lung nodules, thujone administration
also reduced expression of MMP-2, MMP-9, ERK-1, ERK-2, and VEGF and upregulated the expression
of nm-23, tissue inhibitor of metalloproteinase-1 (TIMP-1), and TIMP-2 in the lung tissues and the
production of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin
(IL)-1β, IL-6, IL-2 and granulocyte-monocyte colony-stimulating factor. In the same model, thujone also
inhibited in vitro secretion of MMP-2 and MMP-9 and the adhesion of tumor cells to the collagen-coated
plate, as well as cell invasion and migration [144].

Intraperitoneally administered β-elemene was reported to inhibit in vivo growth and
metastasization of C57BL/6 mice carrying B16-F10 melanoma through downregulation of tumor
promoting factors such as MMP-2, MMP-9, VEGF, urokinase-type plasminogen activator (uPA)
and uPA receptor. Reduction of melanin content in lung confirmed the antimetastatic effect of
β-elemene [120,152]. The ability of intravitreal administered β-elemene to block the growth of
subretinal injected B16-F10 cells in C57BL/6J mice was also reported [120].

Intraperitoneal administration of limonene and perillic acid remarkably reduced the experimental
metastatic tumor nodule formation of C57BL/6 mice intravenously injected with B16-F10 cells and
increased the life span of animals. Limonene and perillic acid treatment also induced an increased
expression in lung tissues and an enhanced serum content of sialic acid and uronic acid, two biochemical
markers playing important roles in tumor growth and metastasis, including cell–cell communication
and tumor cell escape from immune surveillance [150,203,204]. An antimetastatic effect by α-pinene
from Schinus terebinthifolius Raddi was reported when B16-F10-Nex2 cells were injected intravenously
and C57BL/6 mice treated intraperitoneally [149]. Recent findings provided important insights into the
mechanism through which α-pinene induced tumor regression in melanoma models. Some authors
supposed the relevance of environment in minimizing cancer growth and reported that α-pinene
has no inhibitory effect on melanoma cell proliferation in vitro, but indicated activation in the
hypothalamus/sympathetic nerve/leptin axis tumor growth (decreased plasma leptin concentration)
and in the immune system (increased the numbers of B cells, CD4+ T cells, CD8+ T cells, and NK
cells) as possible mechanisms through which exposure to a fragrant environment containing α-pinene
suppressed B16 tumor growth in C57BL/6 mice [205,206].

Camphene derived from Piper cernuum EO, when injected peritumorally, exerted antitumor
activity in vivo by inhibiting subcutaneous growth of B16-F10-Nex2 in C57BL/6 mice, while it did
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not induce toxic effects, weight loss, or behavior alterations in mice [62]. Oral administration of
thymoquinone reduced experimental metastases of B16-F10 model through destabilization of the
oncogene MUC4 mRNA by tristetraprolin, a RNA binding protein regulating the MUC4 transcript [151],
while intraperitoneal administration inhibited the growth of the B16-F10 intracerebral model and
increased the median overall survival of C57BL/6J mice. Reduction by thymoquinone of inflammatory
cytokines, such as MCP-1, TGF-β1, and RANTES, as well as induction of apoptosis, were identified
as possible causes of tumor inhibition [121]. Another study evidenced thymoquinone’s ability to
inhibit the in vitro migration of both human (A375) and mouse (B16-F10) melanoma cells and to
suppress B16-F10 metastasis in C57BL/6 mice by inhibition of NLRP3 inflammasome and NF-κB
activity, thus indicating thymoquinone ability to act as a potential immunotherapeutic agent [145].

Intraperitoneal administration of eugenol in B6D2F1 mice bearing B16 melanoma, reduced tumor
sizes, extended the mice median survival and reduced metastasis [135]. Myrtenal, one of the most
abundant components in the Teucrium polium EO, reduced in vitro invasion and migration of both
murine (B16-F0 and B16-F10) and human (SK-MEL-5) melanoma cells and metastasis induced in
C57BL/6 mice bearing B16-F10 melanoma, through inhibition of the proton pump V-ATPases [143].

EOs and their main components demonstrated to affect in vitro tumor progression-associated
functions and in vivo tumor growth and metastasization are reported in Table 2. The in vitro and
in vivo models used are also listed in the Table.

3.7. Sensitization of Antitumor Agents

In addition to their ability to affect in vitro and in vivo tumor growth, several EO constituents have
been reported to act synergistically with conventional chemotherapy and radiotherapy [207]. While some
particular EO constituents, such as eugenol, geraniol, β-elemene, limonene, β-caryophyllene, have been
shown to synergize with chemotherapy or radiotherapy in leukemia [208] or solid tumors [207,208],
their efficacy in combination therapy for melanoma models are rare.

β-Elemene, one of the most active constituents of EOs from Curcuma zedoaria and Curcuma wenyujin,
remarkably decreased A375 cell proliferation and enhanced apoptosis induced by radiation [209].
The effect of thymoquinone on the sensitivity of human 518A2 melanoma cells to doxorubicin
was also analyzed. The authors demonstrated a cell line-dependent effect of thymoquinone on
doxorubicin sensitivity inducing a synergistic proapoptotic effect on leukemia and multi-drug-resistant
breast cancer cells, but not in 518A2 cells where the combination did not affect caspase kinetics or
mitochondrial membrane potential but induced an antagonistic effect [208]. The authors indicate
alteration in the apoptotic machinery of 518A2 cells [210] as a possible explanation of their response to
thymoquinone/doxorubicin combination, thus indicating that further studies are needed to explore the
effect of thymoquinone on doxorubicin sensitivity of melanoma cells. Surprisingly, the authors also
reported a significant growth inhibitory effect of thymoquinone/doxorubicin combination in normal
foreskin fibroblasts [208]. The ability of thymoquinone to further enhance the in vitro apoptotic effect
of Gamma Knife irradiation has been reported in B16-F10, while it did not add any survival benefit to
Gamma Knife treatment in C57BL/6J mice with intracerebral B16-F10 melanoma [121].

Liposomes loaded with dacarbazine and eugenol, and coated with hyaluronic acid in order to
enable the active targeting of the CD44 receptor that is overexpressed by tumor cells [211], have been
reported to inhibit proliferation of both human (SK-MEL-28) and mouse (B16-F10) melanoma cells and
to induce both apoptosis and necrosis. The authors suggested the use of this liposome formulation to
reduce dacarbazine dose during chemotherapy and consequently toxicity on normal cells [188].

EOs and their main components demonstrated to sensitize antitumor agents are reported in
Table 5. The used melanoma models are also listed in the Table.
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Table 5. Effect of EOs and their components in the sensitization of antitumor agents, chemoprevention
and melanogenesis.

Pathway Affected Plant Name from Which
EOs Were Extracted

EO Active
Components

In Vitro and
In Vivo Models Reference

Sensitization of
antitumor agents

Eugenol SK-MEL-28, B16-F10 [188]

Thymoquinone B16-F10 [121]

β-Elemene A375 [209]

Chemoprevention

Mentha aquatica - DMBA/TPA (FVB/NJ) [54]

Salvia libanotica - DMBA/TPA (BALB/c) [73]

Santalum album α-Santol DMBA/TPA (CD1, SENCAR) [76]

Eugenol DMBA/TPA, DMBA/croton
oil (Swiss albino) [212,213]

Farnesol DMBA/TPA (Swiss albino) [214]

Geraniol DMBA/TPA (Swiss albino) [215]

Limonene DMBA/TPA (Swiss albino) [177]

Menthol DMBA/TPA (ICR) [216]

Perillyl Alcohol DMBA/TPras mut,
DMBA/TPA (Swiss albino) [217,218]

Melanogenesis

Achillea millefolium Linalyl Acetate B16 [23]

Alpinia zerumbet - B16-F10 [24]

Artemisia argyi - B16-F10 [28]

Cinnamomum cassia Cinnamaldehyde B16 [32]

Cinnamomum zeylanicum - B16 [33]

Citrus grandis - B16-F10 [219]

Citrus hystrix - B16-F10 [219]

Citrus reticulata - B16-F10 [219]

Cryptomeria japonica - B16 [220]

Chrysanthemum boreale
Makino Cuminaldehyde B16-Bl6 [31]

Dalbergia pinnata - Zebrafish embryos [39]

Eucalyptus camaldulensis - B16-F10 [41]

Glechoma hederacea - B16 [44]

Melaleuca quinquenervia
1,8-Cineole,
α-pipene,
α-terpineol

B16 [53]

Mentha aquatica β-Caryophyllene B16-F10 [221]

Origanum syriacum Carvacrol B16-F1 [59,222]

Origanum ehrenbergii Carvacrol B16-F1 [59]

Pomelo peel - B16 [68]

Psiadia terebinthina - B16-F10 [219]

Syzygium aromaticum Eugenol B16 [81]

Vetiveria zizanioides Cedr-8-En-13-Ol B16 [87]

Vitex Negundo - B16-F10 [88]

Vitex Trifolia Abietatriene B16-F10 [89]

Phytol B16-F10 [223]

Thymoquinone B16-F10 [224]

Valencene B16-F10 [225]

Zerumbone B16-F10 [226]

where not indicated, EO active components were not available from the cited articles. When referred to
in vivo studies, the murine strain used is indicated in brackets. 7,12-dimethylbenz[a]anthracene (DMBA),
12-O-tetradecanoylphobol-13-acetate (TPA), HaRas gene driven by the tyrosinase promoter (TPras).
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3.8. Chemopreventive Activity

Exposure to artificial or natural UV rays are among the major risks for the development of
both non-melanoma and melanoma skin cancer. Other risk factors for melanoma development
include the number of naevi and dysplastic naevi, phenotype characteristics and family
history [227–229]. Chemopreventive agents prevent formation of cancer by multiple mechanisms,
interfering with the initiation, promotion, or progression steps. Although mouse models that
spontaneously develop melanoma are extremely rare, different chemically- or genetically-induced
melanoma mouse models have been developed to evaluate the chemopreventive potential of
compounds. Among them, the two-stage skin carcinogenesis 7,12-dimethylbenz[a]anthracene
(DMBA)/12-O-tetradecanoylphobol-13-acetate (TPA) model, that fully recapitulates the multistage
tumorigenesis of the skin, is the most commonly used to evaluate the chemopreventive potential of
several compounds, including EOs. In particular, tumor initiation in BALB/c, CD1, ICR, SENCAR
and Swiss albino models can be obtained with a single topical application of DMBA, whereas tumor
promotion can be triggered by repeated applications of TPA [230]. To decrease the latency of melanoma
appearance, these compounds are often administered in combination with other agents such as UV
rays, or used in genetically engineered mice that harbor activating mutations in BRAF and NRAS,
two oncogenes frequently mutated in human melanoma [230]. However, a drawback of DMBA/TPA
models exists in the evidence that they induce the development of papillomas and small naevi more
frequently than that of melanoma, making their use more accurate in the study of skin cancer on
the whole, rather than of cutaneous melanoma. Thus, the chemopreventive effect of EOs or their
constituents in skin cancer is discussed in this paragraph.

The chemopreventive potential of Santalum album EO and its major constituent α-santalol has been
demonstrated in DMBA/TPA-induced skin tumors in CD1 mice: topical application of Santalum album
EO reduced tumor incidence and multiplicity in animals. Furthermore, the chemopreventive potential
of α-santalol was similar to that of Santalum album in DMBA/TPA-induced skin tumors in CD1 and
SENCAR mice [76]. Topical application of Salvia libanotica EO (sage oil) delayed tumor appearance
and inhibited tumor incidence and yield in DMBA/TPA in BALB/c mice, whereas decreasing EO
concentration reduced only tumor yield [73]. By using the same DMBA/TPA model, Mentha aquatica
var. Kenting Water Mint EO has been identified as a chemopreventive agent against cutaneous side
effects induced by vemurafenib, a BRAF inhibitor used for treatment of melanoma patients carrying
the BRAFV600 mutation. The results of this study evidenced that Mentha aquatica EO induces G2/M
cell-cycle arrest and apoptosis, reduces cell viability, colony formation and the invasive and migratory
functions of the mouse keratinocyte bearing HRASQ61L mutation. This mutation is found in melanoma
patients with a higher probability of developing keratoacanthomas and squamous cell carcinoma after
treatment with vemurafenib. In vivo treatment with Mentha aquatica EO decreased the formation of
cutaneous papilloma and the expression of keratin14 and COX-2 observed in FVB/NJ mice exposed to
DMBA/TPA and treated with vemurafenib [54].

Several studies investigated the chemopreventive potential of some components of EOs.
Among them, Pal and colleagues demonstrated that oral administration of eugenol produced a
reduction in the incidence and size of skin cancer in Swiss albino mice treated with DMBA and croton oil,
along with an increase in the overall survival of mice. The carcinogenic process prevention by eugenol
was due to reduction in cell proliferation and induction of apoptosis through the downregulation of
bcl-2, c-Myc and H-ras expression along with the upregulation of active caspase 3, Bax and p53 in the
skin lesions [213]. In the same year, Kaur and colleagues confirmed the inhibitory effect of eugenol in
DMBA/TPA-induced skin cancer in Swiss albino mice. In particular, eugenol treatment delayed tumor
onset, incidence and multiplicity when applied during the initiation, as well as during the promotion
phase. The chemopreventive effect of eugenol was due to the induction of apoptosis, prevention of
oxidative stress, decrease in ornitine decarboxylase activity, attenuation of tumor inflammation caused
by reduction in NF-kB pathway, COX-2 and iNOS in tumor samples and in pro-inflammatory cytokines
in mice serum (e.g., IL-6, TNF-α and PGE2) [212]. However, both groups demonstrated that mice
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treated with DMBA and TPA developed squamous cell carcinoma of the skin in their experimental
system [212,213].

Perillyl alcohol topical treatment showed the ability to delay development and incidence of
DMBA-induced melanoma in transgenic mice harboring a mutated HaRas gene driven by the
tyrosinase promoter (TPras). Moreover, perillyl alcohol treatment reduced the UV-induced ROS,
the levels of Ras protein and inhibited the activation of MAPK and AKT pathways in a cell line
derived from DMBA-induced melanoma of TPras mice [217]. A few years later, another two studies by
Chaudhary and colleagues confirmed the chemopreventive effect of perillyl alcohol and its precursor
D-limonene in DMBA/TPA-induced skin cancer in Swiss albino mice. In particular, topical application
of perillyl alcohol or D-limonene elicited a significant reduction in tumor incidence and tumor burden
with extension of the latency period of tumor development. In agreement with Prevatt et al., perillyl
alcohol or D-limonene treatment effectively reduced the skin tumorigenesis by inducing apoptosis,
reducing ROS production, inflammation, Ras/Raf/ERK1/2 pathway and Bcl-2 expression along with an
increase in Bax levels [177,218]. Moreover, a phase 2a clinical trial showed a modest reduction in nuclear
chromatin abnormality caused by twice-daily topical application of perillyl alcohol in participants
with sun-damaged skin [231]. A phase 1 clinical trial demonstrated that daily topical application of
perillyl alchol cream for 30 days was well tolerated in participants with normal appearing skin [232].

The chemopreventive potential of farnesol, geraniol and menthol was analyzed by several
investigators using DMBA/TPA-promoted skin tumorigenesis in Swiss albino or in ICR, a strain of
albino mice. These monoterpenes reduced tumor incidence and tumor volume with an extension of
latency period during the promotion phase. The mechanism of action of these three components is the
same as is described for perillyl alchol, D-limonene and geraniol. In particular, their chemopreventive
effects occurring through alteration of phase II detoxification agents [215], reduction in inflammation
and ROS production, suppression of the Ras/Raf/ERK1/2, p38 and NF-kB signaling pathways, reduction
in Bcl-2 and induction of Bax expression [177,214].

EOs and their main components demonstrated to show chemopreventive potential are reported
in Table 5. The used melanoma models are also listed in the Table.

3.9. Antioxidant Effect

Oxidative stress producing ROS, such as superoxide, hydrogen peroxide, and hydroxyl radical,
are associated with many cancer types, including non-melanoma and melanoma skin cancer, where ROS
are reported to cause free radical damage to the skin [233]. Oxidative stress is involved in all stages of
melanoma development, and modulates intracellular pathways related to cellular proliferation and
death. Several factors, including inadequate lifestyle and/or diet or UV-irradiation lead to the formation
of ROS, which are often associated with alterations in the DNA, proteins and lipids, and consequent
induction of cellular aging, mutagenicity and carcinogenicity. By chelating oxidation-catalytic metals
or by scavenging free radicals and ROS, natural enzymatic and non-enzymatic antioxidant defense
counteracts the dangerous effects of free radicals and other oxidants. Hence the relevance of antioxidant
compounds to decrease oxidative stress or damage. In this context, many plant-derived components,
including EOs, are reported as a useful antioxidant source able to remove excessive free radicals and to
prevent free radical-induced damage.

To evaluate the antioxidant activity of a compound of interest, several test procedures should be
carried out including cell-free methods, such as 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid
(ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) that are the most popular and commonly employed.
Other cell-free assays include hydrogen peroxide, nitric oxide, peroxynitrite radical, superoxide radical,
hydroxyl radical scavenging activity, metal-ion chelating assay, lipid peroxidation and the xanthine
oxidase method. Analysis of oxidation status performed in in vitro cell systems or in vivo animal
models (blood or tissues) include glutathione, glutathione peroxidase, glutathione-S-transferase,
superoxide dismutase and catalase activity [234].
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When performing a search on PubMed, about 2800 results in the last 20 years are shown for
“essential oil” and “antioxidant”. Analysis of the PubMed results identified only few research articles
reporting studies on the evaluation of EO antioxidant activity in melanoma models. Among these
studies, the antioxidant activity of Melaleuca quinquenervia EO and its constituents 1,8 cineole, α-pinene
and α-terpineol [53,235], Vetiveria zizanioides EO and its most abundant compound, cedr-8-en-13-ol [87],
Cinnamomum cassia EO and its major component cinnamaldehyde [32] and Achillea Millefolium EO with
its main component linalyl acetate [23], was reflected in the recovered activities of glutathione peroxidase,
superoxide dismutase, and catalase in α-MSH stimulated B16 cells. Protection from cell oxidative
damage by Lavandula Angustifolia EO [49] and by high concentrations of Eucalyptus camaldulensis
EO [41] was also observed in B16-F10 cells. Worthy of mention, is the in vivo study demonstrating that
Wedelia chinensis EO (Osbeck oil) showed in vivo antioxidant activity by scavenging free radicals (lipid
peroxidation and nitric oxide) and enhancing the level of endogenous antioxidants (catalase, superoxide
dismutase, glutathione peroxidase, glutathione) in lung, liver and blood tissues of B16-F10-carrying
C57BL/6 mice [90]. Protective effects against oxidative stress and apoptosis also in bovine aortic
endothelial cells was induced by Crocus Sativus EO (Saffron oil) through SAPK/JNK and ERK1/2
signaling pathways, supporting its use in endothelial dysfunctions [236].

Table 6 shows studies in which the antioxidant effects of EOs and their components have been
analyzed using cell-free assays or melanoma models.

Table 6. EOs and their components showing antioxidant effect in cell-free assay or in melanoma models.

Plant Name from Which
EOs Were Extracted EO Active Components Cell Free Assay and Melanoma Models Reference

Achillea millefolium Linalyl Acetate B16 [23]

Alpinia zerumbet - DPPH, ABTS, nitric oxide, hydroxyl radical
scavenging activity, xanthine oxidase [24]

Artemisia argyi - DPPH, ABTS, metal-ion chelation [28]

Atriplex undulata - Crocin bleaching inhibition, DPPH [29]

Cinnamomum cassia Cinnamaldehyde B16 [32]

Chrysanthemum boreale
Makino - DPPH, ABTS [31]

Cryptomeria japonica - B16 [220]

Cuminum Cyminum -
DPPH, superoxide anion

radical-scavenging activity,
β-carotene/linoleic acid

[35]

Curcuma aromatica - DPPH [36]

Curcuma kwangsiensis - DPPH [37]

Dalbergia pinnata - DPPH, ABTS [39]

Eucalyptus camaldulensis - DPPH, ABTS, B16-F10 [41]

Eugenia uniflora - DPPH, β-carotene/linoleic acid [43]

Glechoma hederacea - β-carotene/linoleic acid, B16 [44]

Helichrysum microphyllum - DPPH, ABTS [45]

Hypericum hircinum - DPPH, ABTS [47]

Lavandula augustifolia - B16-F10 [49]

Melaleuca quinquenervia 1,8-Cineole, α-pipene,
α-terpineol B16 [53]

Ocimum basilicum - DPPH, hypoxanthine/xanthine oxidase [58]

Ocimum gratissimum - DPPH, hypoxanthine/xanthine oxidase [58,237]

Ocimum micranthum - DPPH, hypoxanthine/xanthine oxidase [58]

Ocimum tenuiflorum - DPPH, hypoxanthine/xanthine oxidase [58]
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Table 6. Cont.

Plant Name from Which
EOs Were Extracted EO Active Components Cell Free Assay and Melanoma Models Reference

Piper aleyreanum - DPPH [61]

Psidium guineense - DPPH, ABTS [238]

Pomelo peel - DPPH, ABTS [68]

Satureja hortensis - DPPH [77]

Stachys cretica - DPPH [79]

Stachys hydrophila - DPPH [79]

Stachys palustri - DPPH [79]

Stachys parviflora - DPPH, β-carotene/linoleic acid [80]

Tanacetum macrophyllum - DPPH, ABTS, FRAP [83]

Thymus munbyanus - DPPH, ABTS, FRAP [85]

Thymus vulgaris - DPPH [125]

Vetiveria zizanioides - β-carotene/linoleic acid, B16 [87]

Vitex Negundo - DPPH, ABTS, metal-ion chelation [88]

Wedelia chinensis - B16-F10 (C57BL/6) [90,239]

Eugenol A2058,
SK-MEL 28 [134]

where not indicated, EO active components were not available from the cited articles. When referred
to in vivo studies, the murine strain used is indicated in brackets. 1,1-diphenyl-2-picrylhydrazyl (DPPH),
2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS), ferric reducing/antioxidant power (FRAP).

3.10. Antimelanogenic Activity

Several EOs and their components have been reported to suppress melanogenesis, the secretion
of melanin by epidermal melanocytes, and their use in skin-whitening materials has been suggested.
Melanin is synthesized as a normal defense to diverse stimuli. An excessive production of melanin
can be associated with hyperpigmentation and melanoma. Melanogenesis is stimulated by the
melanogenic factors α-Melanocyte Stimulating Hormone (α-MSH) and Stem Cell Factor. Through the
α-MSH/MC1R binding and the cyclic adenosine monophosphate-protein kinase A-cAMP response
element binding protein (cAMP-PKA-CREB) signaling pathway, α-MSH stimulation activates
microphthalmia-associated transcription factor (MITF), that in turn increases the expression of its
target melanogenic genes, such as tyrosinase, tyrosinase-related protein-1 (TRP-1) and -2 (TRP-2).
Furthermore, ERK1/2 are involved in the regulation of MITF expression through their ability to
promote MITF phosphorylation and degradation [240,241]. α-MSH-induced melanogenesis is
associated with ROS generation [242]. This is the reason why oxidation and melanogenesis are
strictly interconnected, and EOs-induced decrease in melanin production is often attributed to EOs
antioxidant property [243,244]. Figure 2 shows the effect of EOs and their components in melanogenesis
and oxidation.

Several EOs, including those from Pomelo Peel, Glechoma heredacea, Eucalyptus camaldulensis,
Melaleuca quinquenervia, Chrysanthemum boreale Makino, Alpinia zerumbert, Achillea millefolium,
Cinnamomum cassia, Artemisia argyi, Cryptomeria japonica and Vetiveria zizanioides showed
antimelanogenic activity, alongside their antioxidant properties. For these properties, they can be
widely used in food, pharmaceutical, as well as in cosmetic industries as natural compounds.
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Figure 2. EOs and their components reduce melanogenesis and oxidation through interconnected
mechanisms. Superoxide dismutase (SOD), glutathione peroxidase (GPX), catalase (CAT), glutathione
(GSH), reactive oxygen species (ROS), α-melanocyte stimulating hormone (α-MSH), melanocortin
1 receptor (MC1R), adenylyl cyclase (AC), stem cell factor (SCF), microphthalmia-associated transcription
factor (MITF), tyrosinase (TYR), tyrosinase-related protein -1 (TRP-1) and -2 (TRP-2), glycogen synthase
kinase 3β (GSK3β), c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK). Proteins
that are upregulated by EOs or their components are reported in green, proteins that are downregulated
by EOs or their components are reported in red. Parts of the figure are drawn using pictures from
Servier Medical Art (https://smart.servier.com).

The antimelanogenic properties of EO from Pomelo Peel have demonstrated in B16 cells where it
blocked the synthesis pathway of melanin through the decrease of expression and activity of intracellular
tyrosinase, without affecting cell viability and morphology [68]. Moreover, EOs from Cryptomeria
japonica (Yakushima native cedar), Syzygium aromaticum (Clove oil) and Cinnamomum zeylanicum
demonstrated antimelanogenesis activity in the same experimental model [33,81,245]. The last two
EOs contained a high level of eugenol, which was also found to inhibit tyrosinase and melanogenesis in
the same model [81]. An antimelanogenic characteristic of Eucalyptus camaldulensis EO was evidenced
by its ability to inhibit the activity of mushroom tyrosinase, often used as the target enzyme in
screening potential inhibitors of melanogenesis, and to decrease tyrosinase activity and intracellular
melanin content of B16-F10 cells. It also reduced the expression level of MC1R, tyrosinase, TRP-1 and
TRP-2, and of MAPK, JNK, PKA and ERK signaling pathways, thus suggesting the involvement of
these pathways in Eucalyptus camaldulensis EO-mediated inhibition of melanogenesis [41]. In addition,
EOs from Psiadia terebinthina, Citrus grandis, Citrus hystrix, and Citrus reticulata inhibited both intracellular
and extracellular melanin production when tested against the B16-F10 model [219]. EOs from Glechoma
hederacea [44], Vetiveria zizanioides [87], Cinnamomum cassia and its main component cinnamaldehyde [32],
and Melaleuca quinquenervia and its main constituents, 1,8-cineole, α-pinene, and α-terpineol [53],
showed potent anti-tyrosinase and antimelanogenic activities in α-MSH-stimulated B16 cells.

Other EOs showing antimelanogenic properties, in terms of reduction of melanin synthesis,
intracellular tyrosinase activity and MITF expression, when tested in B16-F10 cells, include those
extracted from Vitex negundo [88], Origanum syriacum and Origanum ehrenbergii and their main
component, carvacrol [59], Artemisia argyi [28], Chrysanthemum boreale Makino [31], two varieties of
Alpinia Zerumbet EOs, shima and tairin oils [24], Achillea millefolium and its component lynalyl acetate
blocking melanin production through the regulation of the JNK and ERK signaling pathways [23],
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Mentha aquatica (lime mint oil) and one of its main compounds, β-caryophyllene, [221], Vitex Trifolia
and its main component abietatriene [89].

Regarding the antimelanogenic effect of EO components, the study of Lin JH’s group reported
the ability of zerumbrone to decrease melanin accumulation in B16-F10 cells, and to suppress the
expression of MITF and its target genes, TYRP1 and TYRP2, after MSH stimulation with a mechanism
involving ERK1/2, but not the PKA-CREB signaling pathway [226]. Antimelanogenic activity in
the same melanoma model through ubiquitination and proteasomal degradation of MITF, in a
ROS/ERK-dependent way, was also reported for phytol [223]. Valencene one of the major constituents
of Ocotea dispersa EO decreased melanin content after UVB irradiation in B16-F10 cells [225]. A zebrafish
embryo experimental model was also employed to demonstrate antimelanogenic activity of some
EOs or their components, such as that from Dalbergia pinnata, which reduced tyrosinase activity
and body pigmentation in zebrafish embryos [39], and thymoquinone which blocked melanogenesis
also in B16-F10 mouse melanoma cells through the inhibition of the glycogen synthase kinase 3β
(GSK3β)/β-catenin pathway [224]. Contrasting results were reported by the Zaidi KU group using
the same experimental model and the same assays (tyrosinase activity and melanin production).
The authors demonstrated that thymoquinone plays a protective role for melanogenesis [246].

Table 5 shows studies demonstrating the antimelanogenic activity of EOs and their active
components in melanoma models. The used melanoma models are also listed.

4. Clinical Use of EOs for Cancer Patients

The side effects experienced by patients diagnosed with cancer or undergoing radio- or
chemotherapy can be debilitating and can be challenging in the management of the disease. In the last
few years, EOs have gained popularity as supportive therapies for cancer patients [247]. Some EOs
have been reported to improve the quality of life of patients affected by cancer and showed efficacy
in several side effects, such as chemotherapy-induced nausea and vomiting, mucositis, ulcer of skin,
distress, depression and anxiety.

A descriptive systematic review, carried out by Boehm K et al. in 2012, highlighted short-term
effects of aromatherapy, the use of EOs, on depression, anxiety, and overall wellbeing. Minimal adverse
effects were reported for EO use and potential risks, including ingesting large amounts, local skin
irritation, allergic contact dermatitis and phototoxicity [248]. A small feasibility study performed
to evaluate the effects of mouthwash with EOs from Leptospermum scoparium and Kunzea ericoides,
on mucositis of the oropharyngeal area induced by radiation during treatment for head and neck
carcinoma, provided a positive effect on the development of radiation induced mucositis [249]. Topical
application of the Boswellia carterii EO demonstrated its efficacy as supportive therapy for cancer-related
fatigue in a case study [250]. Inhalation of Citrus aurantium EO exhibited an anxiolytic effect and
reduced the symptoms associated with anxiety in patients with chronic myeloid leukaemia [251].
A cool damp washcloth with Mentha x piperita EO was reported to be effective in decreasing the intensity
of nausea experienced by patients receiving chemotherapy [252]. Antiemetic activity of volatile oil
from Mentha spicata and Mentha piperita has been also reported in chemotherapy-treated patients [253].
A recent randomized controlled trial with 120 patients evidenced the efficacy of aromatherapy with
lavender and peppermint EOs in improving the sleep quality of cancer patients [254]. Linalool, linalyl
acetate and menthol present in lavender or peppermint EOs [255,256] can be responsible of EOs effect
on sleep due to their sedative effects. A previously performed study by M. Lisa Blackburn showed
the positive effect of aromatherapy with lavender, peppermint and chamomile on insomnia and other
common symptoms among 50 patients with acute leukaemia [257].

Some studies also reported the lack of effect of aromatherapy in improving sleep quality in cancer
patients or in reducing chemotherapy side effects. In this regard, while non-toxic, non-invasive and
well received and tolerated, the inhaled Zingiber officinale EO was not an effective complementary
therapy for chemotherapy-induced nausea and vomiting and health-related quality of life neither in
children with cancer [258] nor in women with breast cancer [259]. While not showing any harm or
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adverse events, the study by Sasano’s group evidenced no effects of aromatherapy on quality of life,
sleep quality, and vital sign during perioperative periods of breast cancer patients [260]. Meta-analysis
of three randomized controlled trials including a total of 278 participants did not show any clinical effect
of aromatherapy massage on reducing pain in cancer patients [261]. Inhalation of Lavandula angustifolia,
Citrus bergamia, Cedrus atlantica EOs administered during radiotherapy did not reduce anxiety [262].
Sample size, duration of intervention, tools used for measuring the different symptoms, use of different
chemotherapies and cancer stage could account for the differences observed in the different studies.

At present, several EOs are used in clinical trials to evaluate their efficacy for symptom management
in patients during cancer therapy. In order to evaluate the effect of inhaled EOs on common quality of
life issues during chemotherapy, targeted therapy, and/or immunotherapy administered intravenously,
a single blind, randomized controlled trial study was completed few months ago. In particular,
the effect of inhalated Zingiber officinale, German chamomile, or Citrus bergamia EOs on nausea, anxiety,
loss of appetite, and fatigue has been evaluated with no available information yet about the results
(NCT03858855). Two clinical trials are currently open and actively recruiting patients undergoing
chemotherapy to assess the perceived effectiveness to relieve symptoms of nausea or vomiting
and/or anxiety, by using peppermint and lavender EOs (NCT02163369, NCT03449511). A clinical
trial is actively recruiting breast cancer patients in order to test the hypothesis that an EOs blend
composed of Curcuma longa, Piper nigrum, Pelargonium asperum, Zingiber officinale, Mentha x piperita,
and Rosmarinus officinalis, could reduce symptoms of chemotherapy induced peripheral neuropathy,
a painful, debilitating consequence of cancer treatment considered the most adverse of non-hematologic
events (NCT03449303). A randomized, controlled, single blind and longitudinal study is recruiting
women with breast cancer undergoing chemotherapy in order to evaluate the impact of a hedonic
aroma (inhalation) on the clinical, emotional and neurocognitive variables that contribute to reduce the
side effects of chemotherapy and promote quality of life (NCT03585218). A not yet recruiting clinical
trial aimed at evaluating (1) the ability of peppermint and lavender aromatherapy (sniff) to promote,
respectively, relief of nausea or anxiety, in an outpatient oncology setting (NCT04449315); (2) the effects
of inhaled peppermint and ginger EOs, or pure vanilla extract on chemotherapy induced nausea and
vomiting in men and women with breast cancer (NCT04478630) is going to start in August/September
of the current year 2020.

5. Conclusions

Natural products have always played a pivotal role in drug discovery and in the development of
many potent anticancer agents. It is, thus, desirable to continue the efforts aiming at identifying new
antitumor compounds from natural sources. Based on the studies mentioned in this review, different
EOs and some of their constituents appear to be suitable as a part of effective melanoma prevention,
prevention of metastatic melanoma, or as complementary therapies to supplement patient care.
Preclinical data also indicate the possibility of using some EO components as adjuvant agents to reduce
the toxicity of drugs used in cancer prevention or therapy, such as statin [263]. Pharmacokinetic studies
are needed to validate the safety and efficacy of EOs and their bioactive compounds. In fact, even if
several papers indicated EOs and their components as safe and not toxic [258–260], hepatotoxicity
described for monoterpenes and sesquiterpenes, major components of many EOs, should be also
considered and should deserve more attention [264]. Further studies on terpene metabolism and
toxicity need to be performed to avoid the risk of eventual liver injury. In addition, the relevance of the
BRAF status of melanoma cells in response to EOs is worthy of further investigation to shed light on
this issue. In fact, to the best of our knowledge, no studies have evaluated whether the antitumor effect
of EOs is related with BRAF status.

Since EOs composition is affected by several factors, including geographical position and
agricultural practices, an important issue to be considered is the standardization of their composition.
In this context, multidisciplinary applications, including machine learning, can constitute a possible
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tool able to predict the bioactivity of complex mixtures and to design EOs characterized by high
antineoplastic efficacy and low toxicity [93,96,265].

The studies presented in this review hold promise for further analysis of EOs as new anticancer
drugs and as a source of potential anticancer supplement against melanoma. Further investigations
in this area are certainly necessary, desirable, and warranted to validate the results, to ascertain the
therapeutic spectrum of biological studies and to determine the clinical efficacy and safety of EOs on
patients affected by melanoma.
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Abstract: Melanoma is one of the most aggressive and treatment-resistant human cancers.
The two-pore channel 2 (TPC2) is located on late endosomes, lysosomes and melanosomes. Here,
we characterized how TPC2 knockout (KO) affected human melanoma cells derived from a metastatic
site. TPC2 KO increased these cells’ ability to invade the extracelullar matrix and was associated
with the increased expression of mesenchymal markers ZEB-1, Vimentin and N-Cadherin, and the
enhanced secretion of MMP9. TPC2 KO also activated genes regulated by YAP/TAZ, which are
key regulators of tumourigenesis and metastasis. Expression levels of ORAI1, a component of
store-operated Ca2+ entry (SOCE), and PKC-βII, part of the HIPPO pathway that negatively regulates
YAP/TAZ activity, were reduced by TPC2 KO and RNA interference knockdown. We propose a cellular
mechanism mediated by ORAI1/Ca2+/PKC-βII to explain these findings. Highlighting their potential
clinical significance, patients with metastatic tumours showed a reduction in TPC2 expression. Our
research indicates a novel role of TPC2 in melanoma. While TPC2 loss may not activate YAP/TAZ
target genes in primary melanoma, in metastatic melanoma it could activate such genes and increase
cancer aggressiveness. These findings aid the understanding of tumourigenesis mechanisms and
could provide new diagnostic and treatment strategies for skin cancer and other metastatic cancers.

Keywords: TPC2; HIPPO; melanoma; SOCE; metastasis
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1. Introduction

Melanoma originates from the tumoral transformation of melanocytes in the skin [1]. The depth
of the invasion and the metastasis of the lymph nodes are very important prognostic features for
the classification of melanoma; typically, this type of cancer is associated with a very heterogeneous
tumour characterized by high mutational burden (e.g., BRAF, NRAS, PTEN, TP53, CDKN2A are the
most frequently muted genes) and because of this, it is considered a particularly aggressive type
of cancer [2]. For this reason, a greater understanding of the molecular and cellular mechanisms
underlying melanoma tumourigenesis and metastasis and the identification of new therapeutic
targets are both important goals for cancer research. Two-pore channels (TPCs) are members of the
voltage-gated cation channel superfamily [3]. Only two isoforms are present in humans and other
primates: TPC1 and TPC2. TPC2 is present in the membranes of lysosomes, late endosomes and
also melanosomes. There is currently a debate about the precise mechanism of action and mode of
regulation of TPC2, both in terms of the protein’s biophysical characteristics, and whether it is primarily
activated by nicotinic acid adenine dinucleotide phosphate (NAADP), or by phosphatidylinositol
3,5-bisphosphate (PI(3,5)P2) [4,5].

Thus contrasting studies have indicated that TPCs are highly selective for Na+ and are regulated
by [PI(3,5)P2] but not NAADP [4,5], or alternatively that TPCs mediate Ca2+ release evoked by
NAADP [6–9]. Possible explanations for such contrasting data are that NAADP may not directly
interact with TPCs, but through an accessory binding protein [10,11], and that Mg2+ can affect
NAADP-evoked TPC2 Na+ currents [12]; thus, different experimental conditions may influence the
mode of TPC activation. In line with such a possibility, a recent study demonstrated the different effect of
two novel TPC2 agonists; one of which induced Ca2+ release and the other Na+ release. These agonists
appear to mimic the actions of NAADP and PI(3,5)P2, suggesting that the two physiological agonists
bind different sites on the TPC2 ion channel and regulate different processes mediated by this
protein [13].

We have previously demonstrated the involvement of TPC2 in one potential aspect of
tumourigenesis, namely neo-angiogenesis. By using TPC1 and TPC2 knock-out in vivo models,
we reported that VEGF-induced neo-angiogenesis occurred through the regulation of the
VEGFR2/NAADP/ TPC2/Ca2+ signalling pathway [14]. More generally, Ca2+ signals have been
shown to play a role in cancer, including melanoma, in various ways [15]. Store-operated calcium
entry (SOCE) is an important Ca2+ signalling mechanism. The depletion of Ca2+ from the endoplasmic
reticulum (ER) induces plasma membrane Ca2+ influx [16]. SOCE is mediated by the endoplasmic
Ca2+ depletion sensor (STIM1), which translocates to the plasma membrane and activates the Ca2+

influx channel (ORAI1). Previous studies have shown that the role of SOCE may be different
between metastatic melanoma cells derived from patients, and those without metastatic activities [17].
Intriguingly, a known link exists between endolysosomal Ca2+ and SOCE, since it has also been
shown that Ca2+ release from the endolysosomal compartment can trigger SOCE in primary cultured
neurons [18]. Moreover, TFEB has been identified as a novel regulator of intracellular Ca2+ homeostasis,
with the lysosomal control of SOCE being proposed as an important aspect of lysosomal function
and cellular health [19]. TFEB-dependent reduction of SOCE is dependent on lysosomal dynamics.
TFEB knockdown reduced the number of lysosomes and their localization to the plasma membrane.

In recent years, the HIPPO pathway has been demonstrated to modulate cell proliferation and
differentiation, and to contribute to the progression of a number of diseases, including cancer [20].
Mammalian Ste20-like kinases 1/2 (MST1/2) and the large tumour suppressor 1/2 (LATS1/2) are
components of the kinase cascade of the HIPPO pathway [21]. Following the activation of the HIPPO
pathway, MST1/2 is phosphorylated and activates LATS1/2, which can then phosphorylate the yes
association protein (YAP) and its paralogue, the transcriptional coactivator with PDZ-binding motif
(TAZ), resulting in the inhibition of the transcriptional activity of YAP/TAZ [20]. This phosphorylation
promotes YAP/TAZ cytoplasmic localisation; when not inhibited in this way, the translocation of
YAP/TAZ to the nucleus promotes the activation of their target genes which play key roles in cell
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growth, proliferation and organ development [22]. Interestingly, the hyperactivation of YAP has been
shown to be associated with poor cancer prognosis [23].

Here, we studied whether TPC2 may play different roles in melanoma in terms of primary and
metastatic tumours, and also demonstrate for the first time a connection between TPC2, Ca2+ signalling,
and the activation of the HIPPO signalling pathway.

2. Results

2.1. Association between TPC2 Expression and the Prognosis of Melanoma Patients

In recent years, with the development of high-throughput RNA sequencing (RNA-Seq), large
amounts of RNA-Seq data have emerged. To evaluate the prognostic role of TPC2 (gene name TPCN2)
in skin cutaneous melanoma (SKCM), we analysed TPCN2 mRNA expression levels in the Cancer
Genome Atlas (TCGA). We identified a significant difference in TPCN2 mRNA expression between
primary and metastatic patients. The reduction of TPC2 expression in the metastatic patients could
indicate a different prognostic role for TPC2 in these two stages of cancer (Figure 1A).
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Figure 1. TPC2 expression in the melanoma patient dataset and the generation of a human melanoma
cell model TPC2 knockout. (A) Analysis of expression and prognostic value for TPC2 between primary
and metastatic patients in human skin cutaneous melanoma (SKCM). Dashed line indicates 95%
confidence interval (p-value: 8.1339 × 10−5). (B) Schematic of CRISPR-Cas9 strategy used to target
CHL1 human melanoma cell line. (C) Interference of CRISPR Edits (ICE) Analysis of possible knockout
(KO) clones, from which the CHL1 clone G10 was selected. KO score indicates the percentage of
sequences that are putative knockouts. (D) qPCR analysis of TPC2 transcript levels in CHL1 (wild
type (WT) and KO). Data in bar charts represent the mean ± s.e.m. of three independent experiments.
**** p < 0.0001.

2.2. TPC2 Depletion Impairs Human Melanoma Cell Adhesion Mediated by α2β1 Integrin Receptor

Amelanotic melanoma is a rare form of human melanoma cancer and generally difficult to
diagnose in the first stage due to its lack of pigmentation. Therefore, finding new markers to recognize
this form of melanoma at an early stage of tumourigenesis is an important goal that could have major
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therapeutic benefits. CHL1 cells are a model of a human amelanotic melanoma and are derived from a
metastatic site.

We first used CRISPR/Cas9 genome editing to knockout (KO) the TPCN2 gene in CHL1 and
B16-F0 (murine primary melanoma) cell lines. Three different single guide RNAs (sgRNAs) were used
to target TPCN2 exon 4 with the aim of generating a frame shift in the TPC2 open reading frame (ORF)
via non-homologous end-joining (NHEJ), in each cell line (Figure 1B and Figure S1A); this targeting
was followed by CRISPR editing analysis using an Interference of CRISPR Edits (ICE) tool to select
clones with the highest KO score (Figure 1C and Figure S1B). Furthermore, TPCN2 mRNA expression
in each putative TPC2 KO cell line was assessed (Figure 1D and Figure S1C).

Then, we investigated the proliferation capacity of CHL1/TPC2 KO cells. TPC2 KO cells showed a
slower G2 phase compared to wild type (WT) cells, after 24 h from seeding (Figure 2A). After 48 h
from seeding, the TPC2 KO cell line recovered the proliferation rate of the control cell line (Figure 2A).
These data are further corroborated by the analysis of the cell cycle markers cyclin D1 (CCND1) for the
G1/S phase, cyclin B1 (CCNB1) for the G2/M phase, and of the cyclin-dependent kinase inhibitor 1 (p21) as
a marker of cell cycle arrest. These transcripts showed no significant difference in expression (Figure 2B).

Subsequently, we performed an adhesion assay by using cell plates coated with collagen type I
matrix to assess metastatic traits after TPC2 KO. Interestingly, TPC2 KO cells showed a drastically
reduced ability to bind this matrix (Figure 2C). Looking further, we investigated the expression of
α2 and β1 integrin chains that together form the main receptor to collagen type I. Plasma membrane
expression of both these adhesion proteins in live cells showed a significant reduction in the TPC2
KO cells (Figure 2D). In contrast, the whole cell expression of β1-integrin did not change (Figure 2E).
These findings show similarity to those of Nguyen et al. [24] who showed that TPC2 down regulation
in bladder carcinoma cells is related to a halted trafficking of β1-integrins. These combined findings
strongly suggest that TPC2 is involved in tumour metastasis rather than in cancer cell proliferation.
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Figure 2. TPC2 KO impairs cell adhesion to collagen type I matrix. (A) Cell cycle analysis at 24, 48, and
72 h of CHL1 WT and TPC2 KO cells. (B) qPCR analysis of cell cycle markers CCND1, CCNB1 and p21;
H3 was used as an internal control. (C) Adhesion assay on collagen type I matrix, cells stained with
crystal violet. (D) Flow cytometric detection of α2β1 integrin chain in CHL1 WT and TPC2 KO cells.
(E) Flow cytometric detection of Integrin-β1 on CHL1 WT and TPC2 KO fixed and permeabilized cells.
Data in bar charts represent the mean ± s.e.m. of three independent experiments (* p < 0.05; ** p < 0.01;
*** p < 0.001).

2.3. TPC2 Inhibition in Human Melanoma Cells Increases Their Invasion Capability

To further explore the role of TPC2 in metastasis, we compared WT and TPC2 KO CHL1 cells’
ability to invade a matrigel substrate. After 24 h, TPC2 KO cells were more invasive (Figure 3A). In line
with this, the TPC2 KO cells showed an increased secretion of matrix metalloproteinase 9 (MMP9), as
highlighted by zymography assays (Figure 3B).

The epithelial–mesenchymal transition (EMT) is an evolutionarily conserved developmental
process that confers metastatic properties upon cancer cells by enhancing their mobility, invasion, and
resistance to apoptotic stimuli. A common feature of EMT is the loss of epithelial cadherin (E-cadherin)
expression and the concomitant up regulation or de novo expression of neural cadherin (N-cadherin).
Analysing E- and N-cadherin expression, we found that neither WT nor TPC2 KO cells expressed
E-cadherin but in TPC2 KO cells the expression of N-cadherin was increased (Figure 3C). We also
analysed the expression of the transcription factor zinc-finger E-box-binding homeobox1 (ZEB-1),
a known inducer of EMT [25], and vimentin, the major component of the intermediate filaments,
which is normally expressed in mesenchymal cells [26], and considered a mesenchymal marker. ZEB-1
and vimentin were up regulated in TPC2 KO cells (Figure 3D). All these data suggest that TPC2 KO
cells are more mesenchymal and so more invasive. Melanocyte Inducing Transcription Factor (MITF)
expression promotes melanoma cell survival and migration [27,28]. TPC2 KO cells showed a higher
level of expression of the MITF protein (Figure 3E).

Moreover, we analysed the clinical correlation of TPC2 expression with that of some of the
genes which correlated with TPC2 expression in our in vitro studies. There was a significant negative
correlation between TPC2 and ZEB1 (R = −0.535, p < 0.05); N-cadherin (CDH2) (R = − 0.317, p < 0.05)
and MMP9 (R = −0.213, p < 0.05) (Figure 3F) in the human SKCM dataset. We also analysed this
correlation among primary and metastatic patients (Figures S3 and S4; Table S1).
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Figure 3. TPC2 depletion increases metastatic melanoma cell invasion. (A) Transwell assay after 24 h
incubation on matrigel matrix, cell nuclei stained with DAPI. (B) Proteolytic Matrix Metalloproteinases
(MMPs) activity in CHL1 WT and TPC2 KO cells detected by zymography. Active MMP-9 (82 kDa) and
proMMP-2 (72 kDa). (C) N-cadherin protein expression in CHL1 WT and TPC2 KO cells, normalised to
tubulin. Relative density of N-cadherin/tubulin. (D) qPCR analysis of vimentin and ZEB1 in CHL1
WT and TPC2 KO cell lines. H3 was used as an internal control. (E) MITF protein expression in CHL1
WT and TPC2 KO normalised to β-actin. Relative density of MITF/β-actin. (F) Correlation between
TPCN2 and ZEB1, N-Cadherin (CDH2), and MMP-9 in human SKCM. Data in bar charts represent the
mean ± s.e.m. of three independent experiments (* p < 0.05; ** p < 0.001; *** p < 0.001).
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2.4. TPC2 and HIPPO Pathway Connection in CHL1 and MeWo Metastatic Cell Lines

To gain insight into the molecular mechanisms underlying the apparent increased aggressiveness
of CHL1 TPC2 KO cells, we investigated the potential links with an important emerging pathway
associated with tumour initiation and progression. The emerging role of YAP/TAZ and the
transcriptional effectors of HIPPO signalling, as the key drivers of tumour initiation and growth,
are major recent discoveries in cancer research. Their activity can control proliferation, invasion
and metastasis and is usually associated with poor prognosis [29]. High YAP levels correlate with
decreased survival in melanoma patients [23] and TAZ activation has been linked to lung cancer
brain metastasis [30]. To assess the activation status of YAP/TAZ, we analysed the expression of
ankyrin repeat domain-containing protein (ANKRD1), cysteine-rich 61 (CYR61), and connective tissue
growth factor (CTGF), which are considered to be the bona fide YAP/TAZ target genes [31]. Notably,
all these target genes were strongly up regulated in TPC2 KO cells, indicating YAP/TAZ transcriptional
activation (Figure 4A).

In order to independently study whether there is a correlation between a reduction of TPC2
expression and the enhanced expression of YAP/TAZ target genes, we used RNA interference (RNAi)
to transiently silence TPC2 expression for 24 h in the CHL1 and MeWo metastatic melanoma cell
lines (Figure 4B). Importantly, using this completely different approach to supress TPC2 expression,
we observed increased expression levels of ANKRD1 (but only for CHL1, not for MeWo), CTGF,
and CYR61 mRNAs, in TPC2-silenced cells (Figure 4C,D). We also studied whether the activation of
YAP/TAZ target genes that occurs in TPC2 KO cells is associated with the increased movement of
YAP/TAZ from the cytoplasm to the nucleus. By differential nucleus-cytoplasm protein extraction,
we confirmed an increase in YAP and TAZ in the nucleus in the TPC2 KO cells (Figure 4E).

Collectively, these data confirm a link between the loss of, or reduction of, TPC2 expression and
the transcriptional activation of YAP/TAZ target genes linked to the movement of these transcriptional
activators from the cytoplasm to the nucleus. These results shed a light on a novel role for TPC2 at a
late stage of cancer.

To further validate these findings in melanoma patients, we studied the clinical correlation of
TPC2 expression with that of YAP/TAZ target genes, in the skin melanoma TCGA database. There was
a significant negative correlation between TPC2 and CTGF (R = −0.311, p < 0.05); CYR61 (R = −0.134,
p < 0.05), but not with ANKDR1 (R = −0.0932, p = 0.07) (Figure 4F). We also analysed this correlation
among primary and metastatic patients (Figures S3 and S4; Table S1).
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Figure 4. TPC2 KO and silencing induces YAP/TAZ target genes. (A) qPCR analysis of YAP/TAZ
target genes in CHL1 WT and TPC2 KO cells. H3 was used as an internal control. (B) TPC2 transient
inhibition after 24 h from CHL1 transfection. (C) qPCR analysis of YAP/TAZ target genes after the
transient silencing of TPC2 in CHL1 cells. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as an internal control. (D) qPCR analysis of YAP/TAZ target genes after the transient silencing of
TPC2 in the MeWo cell line. GAPDH was used as an internal control. (E) Nucleus–cytoplasm extraction
to analyse YAP and TAZ nuclear localization. (F) Correlation between TPCN2 and CTGF, CYR61, and
ANKRD1 in human SKCM (for the p-value see Table S1). (G) Flow cytometric detection of PD-L1 in
CHL1 WT and TPC2 KO cells after IFN-γ induction. Data in bar charts represent the mean ± s.e.m. of
three independent experiments (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).
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2.5. PD-L1 Induced by INTERFERON-γ Is Significantly Higher in CHL1 TPC2 KO Cells

It has previously been demonstrated that TAZ can regulate the transcription of PD-L1 [32]. PD-L1
is one of the ligands of PD-1, which represents a target for advanced melanoma immunotherapy [33].
PD-L1 shows abnormally high expression in tumour cells and is considered the main factor responsible
for promoting the ability of tumour immune escape [34]. After treatment with 100 ng/mL Interferon-γ
(IFN-γ), CHL1 TPC2 KO cells displayed an increased level of surface expression of PD-L1 (Figure 4G),
providing further indirect confirmation of the activation of the YAP/TAZ pathway after TPC2 KO.

2.6. TPC2 Regulates YAP/TAZ Activity Modulating ORAI 1 Channel Expression

An important question is how loss of expression of an endolysosomal ion channel like TPC2 affects
YAP/TAZ activity. Previously, we and others have shown that TPC2 is a mediator of Ca2+ signalling
responses in cells [7,14]. To date, the only known link between YAP/TAZ activity and Ca2+ signalling is
via store-operated Ca2+ entry (SOCE), a process that replenishes the endoplasmic reticulum (ER) Ca2+

store through an interaction between the ER protein STIM1 and the plasma membrane ion channel
ORAI1 [35]. A study in glioblastoma cells showed that the stimulation of SOCE inhibited YAP/TAZ
activity via the activation of PKC-βII [36]. This kinase regulates MST1/2 and LATS 1/2 phosphorylation,
both signalling components in the HIPPO pathway. When they are activated by phosphorylation,
YAP/TAZ are phosphorylated and sequestered in the cytosol. The glioblastoma study also showed that
the elevated level of Ca2+ induced by SOCE led to actin cytoskeleton remodelling mediated by INF2 [36].
In the current study we compared the expression levels of ORAI1 and PKC-βII. Interestingly, TPC2 KO
cells showed a substantial down regulation of both ORAI1 and PKC-βII expression (Figure 5A–C);
in contrast, STIM1 and INF2 expression were unchanged. We also observed that ORAI1 expression
is reduced after TPC2 transient silencing (Figure 5D). To confirm the connection between ORAI1,
TPC2 and YAP/TAZ, we performed a rescue of ORAI1 protein in our TPC2 KO model, and we saw a
reduction of YAP/TAZ target gene expression compared to the mock-transfected cells when ORAI1 is
overexpressed (Figure 5E,F). We also analysed vimentin and ZEB1 levels and showed that they are
decreased when ORAI1 is overexpressed (Figure 5G). To study whether mechanotransduction may
play a role in YAP/TAZ activation following TPC2 KO, we investigated the activation of YAP/TAZ
target genes and N-Cadherin in ultra-low cell attachment conditions and found no such activation in
these circumstances (Figure S2). These findings suggest that the loss of TPC2 may lead to the activation
of YAP/TAZ target genes, and therefore increased metastasis, because of changes in the capacity of
both SOCE and the cytoskeleton to mediate the inhibition of the HIPPO pathway.
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Figure 5. Possible mechanism involved in YAP/TAZ regulation mediated by TPC2. (A) qPCR analysis
of ORAI1 and STIM1 in CHL1 WT and TPC2 KO cells. (B) ORAI1 protein expression in CHL1 WT and
TPC2 KO cells normalised to β-actin. Relative density of ORAI1/β-actin. (C) qPCR analysis of ORAI1
and STIM1 expression after the transient silencing of TPC2. (D) qPCR analysis of PKC-βII and INF2
expression in CHL1 WT and TPC2 KO cells. (E) ORAI1 protein expression after 24 h from transfection
in CHL1 TPC2 KO-MOCK and ORAI1 expressing cells, normalised to β-actin. Relative density of
ORAI1/β-actin. (F) qPCR analysis of YAP/TAZ target gene expression after ORAI1 overexpression in
CHL1 TPC2 KO cells. H3 was used as an internal control. (G) qPCR analysis of vimentin and ZEB1
expression after ORAI1 overexpression in CHL1 TPC2 KO cells. H3 was used as an internal control.
Data in bar charts represent the mean ± s.e.m. of three independent experiments (* p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001).
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2.7. TPC2 Is Overexpressed while YAP/TAZ Target Genes Are Down Regulated after Vemurafenib Treatment in
A375 Melanoma Cells

To further support the link between the reduction of TPC2 expression and YAP/TAZ target gene
activation, we also analysed a dataset from another study [37] that investigated the effect of the BRAF
inhibitor Vemurafenib on the BRAFV600E A375 melanoma cell line, the mutant form of BRAF in
this cell line being differentially sensitive to inhibition by Vemurafenib (Figure 6). Studying this
dataset, we noticed that after Vemurafenib treatment, TAZ and its target genes CTGF, CYR61, and
ANKRD1 were down regulated, while TPC2 was overexpressed. Moreover, vimentin and ZEB1 were
down regulated after Vemurafenib treatment, indicating a reduction of mesenchymal phenotype [37].
By indicating that YAP/TAZ activity is decreased when TPC2 expression is increased, such findings
from a completely independent study are in line with our findings that indicate an inverse relationship
between TPC2 expression and YAP/TAZ activity.

Cancers 2020, 12, x FOR PEER REVIEW 11 of 19 

 

overexpression in CHL1 TPC2 KO cells. H3 was used as an internal control. (G) qPCR analysis of 

vimentin and ZEB1 expression after ORAI1 overexpression in CHL1 TPC2 KO cells. H3 was used as 

an internal control. Data in bar charts represent the mean ± s.e.m. of three independent experiments 

(* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 

2.7. TPC2 Is Overexpressed while YAP/TAZ Target Genes Are Down Regulated after Vemurafenib 

Treatment in A375 Melanoma Cells 

To further support the link between the reduction of TPC2 expression and YAP/TAZ target gene 

activation, we also analysed a dataset from another study [37] that investigated the effect of the BRAF 

inhibitor Vemurafenib on the BRAFV600E A375 melanoma cell line, the mutant form of BRAF in this 

cell line being differentially sensitive to inhibition by Vemurafenib (Figure 6). Studying this dataset, 

we noticed that after Vemurafenib treatment, TAZ and its target genes CTGF, CYR61, and ANKRD1 

were down regulated, while TPC2 was overexpressed. Moreover, vimentin and ZEB1 were down 

regulated after Vemurafenib treatment, indicating a reduction of mesenchymal phenotype [37]. By 

indicating that YAP/TAZ activity is decreased when TPC2 expression is increased, such findings from 

a completely independent study are in line with our findings that indicate an inverse relationship 

between TPC2 expression and YAP/TAZ activity. 

 

Figure 6. Analysis of A375 melanoma cells harbouring the BRAF V600E oncogenic mutation following 

treatment with the BRAF inhibitor Vemurafenib. 

  

Figure 6. Analysis of A375 melanoma cells harbouring the BRAF V600E oncogenic mutation following
treatment with the BRAF inhibitor Vemurafenib.

3. Discussion

TPC2 has been previously demonstrated to play a role in cancer progression. In particular,
Nguyen et al. [24] have shown that silencing and pharmacologically inhibiting this channel impaired
the migration of urinary bladder and hepatic human carcinoma cells in vitro, and of murine breast
cancer cells both in vitro and in an in vivo mouse model. In contrast, our current study identifies for
the first time a role for TPC2 in the aggressiveness of metastatic melanoma, and strongly indicates that
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in human metastatic melanoma cells, this role appears to differ from what is currently known from
studying human cancer cells derived from primary tumours.

At the outset of this study, we performed a bioinformatic analysis to evaluate the potential
prognostic role of TPC2 in human SKCM. Interestingly, we identified a significant difference in the
expression of TPC2 between primary and metastatic patients, with TPC2 expression being significantly
reduced in the latter. This suggests that the role played by TPC2 in primary and metastatic tumours
might be qualitatively different.

To study the role of TPC2 in melanoma tumourigenesis and metastasis, we generated a CHL1
TPC2 KO cell line, CHL1 cells being a model of human amelanotic melanoma and derived from a
metastatic site. They expressed a wild-type BRAF kinase and a mutant TP53 protein. Given these
premises, CHL1 is considered a metastatic melanoma cell line. In this model, we observed that the loss
of TPC2 expression reduced the ability of these cells to bind the collagen type I matrix. This binding
is mediated by the α2β1 integrin receptor, which was also reduced in the TPC2 KO cells. Moreover,
the ability of CHL1 cells to invade a matrigel matrix was also enhanced by TPC2 KO, and this was
associated with an increased activity of MMP9, a protein involved in cell invasion. Combined, these
findings strongly indicate that TPC2 KO cells are more invasive than their WT counterparts, a highly
unexpected finding given the existing data on TPC2 in different cancer cell models [24].

The analysis of markers of the EMT, a key process in the onset of metastasis, also supports this
hypothesis. Thus, the TPC2 KO cells showed increased expression levels of ZEB-1, N-cadherin and
vimentin, indicating that TPC2 KO cells are more mesenchymal. Furthermore, MITF, which is amplified
in up to 20% of melanomas, with higher incidence among metastatic melanoma samples [38], was more
highly expressed in TPC2 KO cells. Interestingly, a significant negative correlation between TPC2 and
ZEB1, N-cadherin, and MMP9 was also found in the human SKCM dataset.

Significantly, some of the YAP/TAZ target genes, such as ANKRD1, CYR61, and CTGF, were also
strongly up regulated in the TPC2 KO cells. YAP/TAZ are drivers of tumour initiation and growth.
Their activity can control proliferation, invasion and metastasis, and is usually associated with poor
prognosis [29]. It has also been shown that high levels of YAP are correlated with a decrease in survival
for melanoma patients [23].

Studies of the effect of gene knockout on the properties of cells in culture can benefit from using
parallel, independent approaches to achieving a reduction of a gene’s expression. Importantly, we also
confirmed that the transient inhibition of TPC2 in the CHL1 and MeWo metastatic human cell lines
via RNAi using anti-TPC2 siRNAs, has similar effects on the expression of YAP/TAZ target genes.
We also showed the translocation of YAP and TAZ from the cytoplasm to the nucleus in TPC2 KO
cells, indicating the activation of this pathway. Moreover, this activation did not occur in ultra-low
cell attachment conditions, suggesting a link with mechanotransduction in the activation of these
factors that is associated with the reduction in TPC2 expression. Thus, these data suggest an aggressive
phenotype for TPC2 KO cells. Furthermore, looking to the potential clinical significance of these
findings by the use of the skin melanoma TCGA database, we also found a significant negative
correlation between TPC2 expression and that of the YAP/TAZ target genes CTGF and CYR61, although
intriguingly, there was no significant correlation with another target gene, ANKRD1. Interestingly,
we also found a lack of ANKRD1 expression induction in MeWo TPC2-silenced cells, maybe indicating
a differential effect of reduced TPC2 expression on this gene in distinct types of metastatic cancer cells.

Further studies will be required in the future to explore why there may be such a differential effect
of TPC2 KO on the expression of CTGF, CYR61, and ANKRD1 in some circumstances, which could be
revealing in terms of its implications for our understanding of the mechanisms of activation of these
genes by YAP/TAZ.

Further indications of the increased aggressiveness of TPC2 KO cells comes from our findings
relating to the induction of the expression of PD-L1. This suggests the increased ability of these cells to
escape the immune system [34].
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The transcription of PD-L1 has been shown to be regulated by TAZ [32], but this relationship
between TAZ and PD-L1 is not conserved in a number of mouse cell lines, likely due to differences
between the human and mouse PD-L1 gene promoters [32]. In the murine model of melanoma B16-F0
cells, the amount of PD-L1 exposed on the membrane of TPC2 KO cells was reduced (Figure S1D).
Furthermore, in this model we did not see any YAP/TAZ pathway activation (Figure S1E). These data
indicate a difference between the human and murine melanoma models studied but could also support
a different role for TPC2 in melanoma according to the stage of the pathology as B16-F0 cells are
derived from a primary tumour. One could speculate that the breast cancer murine line 4T1 in
Nguyen et al. [24] would also not be associated with the activation of the YAP/TAZ pathway, due
to the different regulation of this pathway between murine and human species. Further studies of
animal and human WT and TPC2 KO melanoma cell lines derived from tumours at different stages of
metastatic progression will be required to address this issue more definitively. However, our analysis
of an independent study by Parmenter et al. [37] showed that after Vemurafenib treatment, TPC2
is overexpressed, while YAP/TAZ target genes are down regulated as well as ZEB1 and Vimentin,
confirming our data in a different model of melanoma.

A key outstanding question is how a reduction in the expression of an endolysosomal ion channel
would manifest itself in an increase in the metastatic traits of melanoma cells mediated by YAP/TAZ.
Possibly, this occurs through a change in endolysosomal pH. Changing TPC2 expression could affect
lysosomal or melanosomal pH either by increasing melanosomal and lysosomal pH when TPC2 is
genetically inhibited [39–41] or decreasing lysosomal pH if TPC2 is overexpressed or pharmacologically
activated [13,42]. However, it remains to be shown how such a change in endolysosomal pH would
affect the HIPPO pathway, which is the primary mediator of YAP/TAZ activity.

Given previous evidence that TPC2 is a mediator of Ca2+ signalling responses, one obvious
possibility is that changes in such responses underlie how a loss of, or a reduction in, TPC2 expression
levels are associated with an increase in YAP/TAZ activity, and as a consequence, an enhancement of
metastatic traits. However, the only published link between Ca2+ signalling responses and TAP/TAZ
activity has implicated SOCE, a process that replenishes the endoplasmic reticulum (ER) Ca2+ store
through an interaction between the ER protein STIM1 and the plasma membrane ion channel ORAI1 [35].
Thus, a study in glioblastoma cells has shown that the stimulation of SOCE inhibited YAP/TAZ activity
via the activation of PKC-βII [36].

To see whether changes in SOCE might underlie the link between changes in TPC2 expression
and YAP/TAZ activity, we analysed the expression of ORAI1 and PKC-βII; when PKC-βII is active,
this kinase phosphorylates MST1/2 and LATS 1/2, which subsequently phosphorylate YAP/TAZ to
remain in the cytosol. We found that in TPC2 KO or anti-TPC2 siRNA-treated cells, both ORAI1
and PKC-βII levels decreased. This suggests that an inhibition of SOCE associated with a loss of, or
reduction of, TPC2 expression, may allow YAP/TAZ to translocate into the nucleus and activate their
target genes. Indeed, when ORAI1 was overexpressed in TPC2 KO cells, YAP/TAZ target genes were
down regulated. This raises the question of how changes in the expression of TPC2, an endolysosomal
ion channel, could cause such a change in the levels of expression of ORAI1 and PKC-βII. One obvious
possibility is that such changes are a consequence of a functional inhibition of SOCE, which would be
in line with a previously described connection between SOCE and endolysosomal Ca2+ release [18,19].

4. Materials and Methods

4.1. Cell Lines

Human CHL1 and MeWo (ATCC, Manassas, VA, USA), and mouse B16-F0 (ATCC, Manassas, VA,
USA), melanoma cell lines were maintained in Dulbecco’s modified Eagle’s medium (Sigma, St. Louis,
MO, USA) supplemented with 2 mmol/L glutamine (Sigma, St. Louis, MO, USA), 10% foetal bovine
serum (Gibco by Life Technologies, Carlsbad, CA, USA), and antibiotics (P/S, Sigma, St. Louis, MO,
USA).
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4.2. Western Blot Analysis

Following cell lysis, the proteins were separated on SDS-PAGE gels. Subsequently, the gels
were blotted overnight at 4 ◦C onto nitrocellulose membranes (Amersham, Buckinghamshire, UK).
The membranes were incubated with the following primary antibodies overnight at 4 ◦C: anti-MITF
(Santacruz Biotch, Dallas, TX, USA), anti-YAP (Cell Signalling, Danvers, MA, USA); anti-TAZ (Sigma,
St. Louis, MO, USA); anti-N-Cadherin (Abcam, Cambridge, UK); and anti-ORAI1 (ProSci IncTM, San
Diego, CA, USA). The intensity of Western blot bands was quantified by Image Lab (Biorad, Hercules,
CA, USA) and normalised using β-actin and tubulin (Sigma, St. Louis, MO, USA), GAPDH (Millipore,
Burlington, MA, USA), and H3 (Abcam, Cambridge, UK).

4.3. CRISPR Design

Single guide RNAs (sgRNAs) were designed using the Synthego (Menlo Park, CA, USA) Design
Tool to minimize off-target effects. The cells were transfected and analysed using Synthego (Menlo
Park, CA, USA) protocols. Genotyping was performed using the following TPC2 primer sequences:

Human:
Forward
GATAGGGCGGTTACCATCATC
Reverse
CTCACCGGGTCAAAGTACAA
Mouse:
Forward
GGTATTACTTCGAACGTCTGCCAACGGT
Reverse
TTCAAAGCGCCAAAAGCTCACTAGCAA

4.4. Cell Transfection

1 × 105 cells were seeded in a 12-well plate. hTPC2 siRNA (Qiagen, Hilden, Germany) was used
at 10 nM. Empty-plasmid and RFP-ORAI1 plasmid ([43] gifted by Prof. Vincenzo Sorrentino) were
used at 500 ng/mL. Cells were transfected using Lipofectamine 2000 (Life Technologies, Carlsbad, CA,
USA) following the manufacturer’s protocol.

4.5. Adhesion Assay

Twelve-well plates were coated with collagen type I (Sigma, St. Louis, MO, USA) and incubated
overnight at 4 ◦C. The following day, the excess matrix was removed and blocked with 0.1% bovine
serum albumin (BSA) in Calcium Magnesium free Dulbecco’s PBS (CMF-DPBS) for 1 h at room
temperature. Subsequently, 2 × 105 cells were seeded and incubated for 90 min at 37 ◦C. Each well
was stained by crystal violet which was dissolved using 10% acetic acid. The absorbance was read at
550 nm.

4.6. Invasion Assay

We seeded 1 × 105 cells on Transwell (Corning, Corning, NY, USA) that was coated with reduced
growth factor Matrigel (BD, Franklin Lakes, NJ, USA) and a chemo-attractant gradient of FBS (1% to
20%) was used to favour cell movement. After 24 h incubation, the cells were fixed and stained
with DAPI. For each Transwell, 5 fields were analysed by counting the cell numbers using Image J
2.0.0-rc-67/1.52c (US National Institutes of Health, Bethesda, MD, USA).

4.7. Flow Cytometry and Cell Cycle Analysis

1 × 105 cells were incubated for 30 min with anti-Integrinβ1 (Santacruz Biotech, Dallas, TX, USA)
or anti-Integrinα2 (BD Horizon, Franklin Lakes, NJ, USA) antibodies, and with the secondary antibody
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anti-mouse Alexa-fluor 488, for another 30 min. For PDL1 (Biolegend, San Diego, CA, USA), after 24 h
IFN-γ treatment, 1 × 105 cells were incubated for 30 min in the same buffer with anti-PDL1 antibody.
Dead cells were excluded by Sytox Blue Stain (Life Technologies, Carlsbad, CA, USA) or propidium
iodide (Sigma, St. Louis, MO, USA). For cell cycle analysis, the cells were fixed with 70% ethanol,
washed three times with PBS and stained for 3 h at room temperature with PBS–propidium iodide,
then analysed using a CyAn ADP flow cytometer (Beckman Coulter, Brea, CA, USA) and FCS express
5 (De Novo software, Glendale, CA, USA).

4.8. Bioinformatic Analysis

Normalized gene expression of skin cutaneous melanoma patients was obtained from the Broad
Institute TCGA Genome Data Analysis Center (2016): TCGA data from Broad GDAC Firehose
2016_01_28 run; Broad Institute of MIT and Harvard Dataset. https://doi.org/10.7908/C11G0KM9.
The statistical significance of the differential modulation of TPCN2 gene between subgroups of patients
was inferred by Student’s t-test (p-value = 8.13 × 10−5) and with a nonparametric Wilcoxon Rank-Sum
test (p-value = 8.58 × 10−5). Positive and negative association between the genes was evaluated
by Spearman’s rank correlation. High and low expression values of a gene for each subgroup of
patients were assessed by positive and negative z-scores, respectively. Analyses were performed
using MATLAB R2019b software. We analysed the GSE42872 dataset [37] from the Gene Expression
Omnibus database (GEO: https://www.ncbi.nlm.nih.gov/gds). GEO2R, an online analysing tool of
GEO DataSets, was utilized to analyse differentially expressed genes between A375 melanoma cells
harbouring the BRAF V600E oncogenic mutation, and which had been treated, or not, with the BRAF
inhibitor Vemurafenib. A p-value of <0.05 was used as the cut off criterion to identify significant
differential expression between the two groups.

4.9. Quantitative Real-Time PCR

Total RNA was isolated using an RNeasy mini kit (Qiagen Hilden, Germany). First-strand cDNA
synthesis was performed using a SuperScript III reagent kit (Invitrogen, Carlsbad, CA, USA). Real-time
PCR was then carried out with primers specific for ANKDR1, CTGF, CYR61, YAP, TAZ, TPC2, ORAI1,
STIM1, PKC-βII, INF2, ZEB1, VIMENTIN, CCND1, CCNB1, and p21 (Table 1), using a Powerup SYBR
green master mix (Applied Biosystems, Waltham, Massachusetts, USA). GAPDH and H3 were used as
internal controls. Relative mRNA expression levels were calculated using the ∆∆CT method.

Table 1. Primer sequences.

Gene Forward Reverse

CTGF AGGAGTGGGTGTGTGACGA CCAGGCAGTTGGCTCTAATC
CYR61 CCTTGTGGACAGCCAGTGTA ACTTGGGCCGGTATTTCTTC

ANKRD1 AGTAGAGGAACTGGTCACTGG TGGGCTAGAAGTGTCTTCAGAT
YAP GCACCTCTGTGTTTTAAGGGTCT CAACTTTTGCCCTCCTCCAA

TAZ(WWTR1) GGCTGGGAGATGACCTTCAC CTGAGTGGGGTGGTTCTGCT
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG

STIM ATCTCACAGCTCATGGTATGCTCC GGAAGGTGCCAAAGAGTGTGTTTC
ORAI TACTTGAGCCGCGCCAAGCTTAAA ACCGAGTTGAGATTGTGCACGTTG

PKCβII GACCAAACACCCAGGCAAAC GATGGCGGGTGAAAAATCGG
INF2 CACATCCAACGTGATGGTGAAG GGAGAGCTCGTTCATGACAATG

4.10. Gelatin Zymography for Matrix Metalloproteinases (MMPs) Detection

The supernatant was collected after 18 and 24 h after cell starvation with 1% FBS. Gelatinolytic
activity of conditioned media was assayed as previously described [44], followed by gelatine
zymography as previously described [14]. The values were normalized to protein content.
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4.11. Statistical Analysis

Data are presented as the mean ± s.e.m. of results from at least three independent experiments.
Student’s t-test was used for statistical comparison between the means where applicable (two groups)
or ordinary one-way ANOVA (for groups of three or more) * p < 0.05; ** p < 0.01; *** p < 0.001; ****
p < 0.0001.

5. Conclusions

In summary, our data indicate that a loss of, or reduction of, TPC2 expression in a metastatic
model of human melanoma increased the aggressiveness of melanoma cells. In particular, we identified
a previously undisclosed connection between TPC2 and the YAP/TAZ pathway, which could be an
emerging focus for cancer research. One must keep in mind that the interaction of cells with the
extracellular surroundings can influence the activation of YAP/TAZ, since the latter are also considered
to be mechanosensors and mechanotransducers. Indeed, in line with this, we found no activation
of YAP/TAZ target genes in TPC2 KO cells in ultra-low cell attachment conditions. It will therefore
be interesting in future studies to investigate the possible role of TPC2 in the modulation of cancer
cell mechanotransduction and its different role in primary or metastatic tumours. Together with the
findings discussed here, such studies will be important in further characterising the mechanistic link
between the endolysomal ion channel TPC2 and metastatic cancer, as well as identifying new ways to
diagnose and treat this type of cancer.
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conditions, Figure S3: Correlation analysis between TPCN2 and Vimentin; MITF; ZEB1; CTGF; ANKRD1; CYR61;
CHD-2(N-Cadherin); MMP9 in primary patients in human skin melanoma TCGA database, Figure S4: Correlation
analysis between TPCN2 and Vimentin; MITF; ZEB1; CTGF; ANKRD1; CYR61; CHD-2(N-Cadherin); MMP9 in
metastatic patients in human skin melanoma TCGA database, Table S1: Statistical analysis of TPC2 and other
genes’ correlation in skin melanoma TGCA dataset.
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Abstract: The introduction of targeted therapies and immunotherapies has significantly improved
the outcome of metastatic melanoma (MM) patients. These approaches rely on immune functions
for their anti-melanoma response. Plasmacytoid dendritic cells (pDCs) exhibit anti-tumor function
by production of effector molecules, type I interferons (I-IFNs), and cytokines. Tissue and blood
pDCs result compromised in MM, although these findings are still partially conflicting. This study
reports that blood pDCs were dramatically depleted in MM, particularly in patients with high lactate
dehydrogenase (LDH) and high tumor burden; the reduced pDC frequency was associated with poor
overall survival. Circulating pDCs resulted also in significant impairment in interferon alpha (IFN-α)
and C-X-C motif chemokine 10 (CXCL10) production in response to toll-like receptor (TLR)-7/8
agonists; on the contrary, the response to TLR-9 agonist remained intact. In the BRAFV600+ subgroup,
no recovery of pDC frequency could be obtained by BRAF and MEK inhibitors (BRAFi; MEKi),
whereas their function was partially rescued. Mechanistically, in vitro exposure to lactic acidosis
impaired both pDC viability and function. In conclusion, pDCs from MM patients were found to be
severely impaired, with a potential role for lactic acidosis. Short-term responses to treatments were
not associated with pDC recovery, suggesting long-lasting effects on their compartment.

Keywords: plasmacytoid dendritic cells; melanoma; lactate dehydrogenase; TLR; interferon; CXCL10

1. Introduction

The prognosis of metastatic melanoma (MM) patients has been dramatically improved by novel
therapeutic strategies including targeted therapies and immune checkpoint blockades (ICB) [1,2].
In fact, more than half of melanoma patients (about 50–60%) harbor BRAF mutation, together
with the corresponding downstream signal transduction in the MAPK (mitogen-activated protein
kinase) pathway [3]. Historically, the development of high selective targeted agents such as
vemurafenib or dabrafenib has dramatically improved overall survival (OS), progression-free survival
(PFS), and response rate in BRAFV600+ advanced melanoma patients, in comparison to standard
chemotherapy [4,5]. Unfortunately, the great majority of patients treated with BRAF inhibitor (BRAFi)
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monotherapy developed secondary resistance to treatment within 6–8 months [4,5]. Blockade of
CTLA-4 and PD-1 receptors expressed by lymphocytes leads to their activation against tumor cells.
The anti-CTLA-4 antibody ipilimumab was the first discovered ICB, showing a plateau in the survival
curve in 21% of patients [6,7]. Anti-PD-1 agents such as nivolumab and pembrolizumab improve PFS
and OS in comparison to ipilimumab, with an objective response rate of about 40% [6,8]. Anti-PD-1
treatments are considered an effective option in advanced melanoma patients, regardless of BRAF
mutation [9].

The MAPK pathway hyper-activation is associated with increased metastatic behavior, reduced
apoptosis, and modulation of interaction between melanoma cells and the immune system [10,11].
Moreover, BRAFV600+ melanoma cell lines secrete immunosuppressive cytokines such as interleukin
10 (IL-10), vascular endothelial growth factor (VEGF), and interleukin 6 (IL-6), which promote
the recruitment of regulatory T cells and myeloid-derived suppressor cells [12]. Mutant BRAF
also downregulates the expression of melanoma differentiation antigens (MDA) and class I major
histocompatibility complex (MHC-I) molecules on tumor cells, preventing their recognition by CD8+

T cells [13,14]. Consequently, MAPK-targeted therapy affects melanoma cell immunogenicity and
immune contexture involving different effector and regulatory mechanisms [10,15]. The MAPK pathway
inhibition suppresses the secretion of immunosuppressive cytokines and leads to upregulation of
MDA in melanoma cell lines [12,14], improving T cell recognition and increasing intra-tumoral CD4+

and CD8+ T lymphocytes [11]. The inhibition of MAPK pathway in melanoma cells also restores
cytokine secretion and co-stimulatory molecule expression by dendritic cells (DCs), rescuing their
compromised function [12]. On the contrary, MEK inhibition negatively affects in vitro DC and T
cell viability and function [11,16]. However, the systemic administration of BRAFi does not alter
leukocyte subset frequencies [17], and the combination of BRAFi and MEKi enhances immunological
activation [10]. A pre-existing immunological signature predicts the response to BRAFi/MEKi [18].
Furthermore, the MAPK activation downregulates interferon alpha receptor 1 (IFNAR1) signaling;
accordingly, BRAFi reverses IFNAR1 inhibition in melanoma biopsies, providing a rationale for the
combination of interferon alpha (IFN-α) with BRAFi [19].

All these findings suggest a significant role for immune cell components in mediating responses,
not only to ICB, but also to targeted therapy. Among cells involved in melanoma immunity,
plasmacytoid dendritic cells (pDCs) exert an important role in shaping the anti-tumor immune response.
A distinctive feature of pDCs is the production of a large amount of type I interferon (I-IFN) after
nucleic acid sensing through toll-like receptor (TLR) 7- and 9-dependent signaling pathways [20,21].
IFN-α production not only affects tumor cell proliferation, angiogenesis, and metastasis [22,23],
but also acts on different immune cell populations involved in anticancer immunity such as NK, T,
and B lymphocytes [24–26]. Autocrine IFN-α/β signaling also regulates the induction of interferon
signature genes, among which pro-inflammatory chemokines (i.e., CXCL9, CXCL10, and CXCL11) [27],
with potential antitumor activity driving TH1 polarization of immune cells [28].

By analyzing a large cohort of primary and metastatic cutaneous melanomas, we recently
monitored pDC dynamic during melanoma evolution. In MM patients, pDCs become almost absent in
the tumor tissues and severely reduced in their circulation, particularly in the advanced M1c group [29].
The subversion of the mechanisms leading to the systemic pDC collapse might potentiate spontaneous
and drug-induced anti-melanoma immunity, providing additional benefit to the current systemic
therapies. Mechanistically, exposure to melanoma cell supernatants resulted in significant death of
terminally differentiated pDCs and in defective generation of pDCs from CD34+ progenitors [29].
This effect is dependent on soluble components released by melanoma cells, and a role by lactic
acidosis microenvironment has been proposed [30,31]. The neoplastic cell metabolism shifts toward
high glucose uptake and enhanced lactate production, regardless of oxygen availability, known as
the Warburg effect [32]. Lactate dehydrogenase (LDH-A) is a key enzyme that converts pyruvate
to lactate in the final step of the glycolytic pathway. High levels of lactate within tumor cells are
exported by monocarboxylate transporters (MCT) coupled with protons exported across the plasma
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membrane, leading to lactic acidosis in the tumor microenvironment [33]. This leads to enhancement
of tumor-associated immune-suppressive functions and inhibition of effector cells in the tumor
milieu [30,31,34]. This study analyzes circulating pDCs in a prospective cohort of chemo-naïve MM
patients. pDCs from MM patients are severely impaired in their frequency and function, with a
potential role for lactic acidosis. Moreover, short-term responses to BRAFi and MEKi treatments are
not associated with a full pDC recovery, suggesting long lasting effects on their compartment.

2. Results

2.1. Clinical Features and Outcome of the MM Cohort

Patients’ clinical characteristics at baseline (T0) are reported in Table 1 and Table S1. Patients had
a median age of 60 years (range: 23–79 years) at the time of clinical diagnosis, while healthy donors
(HD; N = 25) had a median age of 44 years (range: 25–56 years). Sixteen patients had BRAF-mutated
melanomas, including BRAF p.V600E (n = 12) or p.V600K (n = 4). Seven MM were NRAS-mutated,
and included p.Q61K (n = 2) or p.Q61R (n = 5). The remaining six patients were BRAF/NRAS wild-type.
The median LDH level at baseline was 220 IU/L (range: 134–236 IU/L). Patients were sub-grouped
into M1a (n = 5) + M1b (n = 7) and M1c (n = 17) categories, accordingly to the “American Joint
Committee on Cancer (AJCC) Melanoma Staging and Classification 7th edition”. Sixteen patients
(55.17%) were treated with targeted therapies (vemurafenib; dabrafenib; vemurafenib + cobimetinib;
dabrafenib + trametinib), and 13 patients received ICB (ipilimumab or pembrolizumab) (44.83%).
Complete response (CR), partial response (PR), and stable disease (SD) were achieved in 6.89%, 31.03%,
and 6.89% of patients, respectively. Progression disease (PD) was observed in 55.17% of patients
(43.75% in the targeted therapy group and 56.25% in the ICB group).

Table 1. Clinical and molecular features of the study cohort at baseline (T0; N = 29).

Clinical/
Molecular Features

BRAFV600+ MM (N = 16) NRASQ61+ MM (N = 7) BRAFwt/NRASwt (N = 6)

N n % N n % N n % p

Gender (males) 16 12 75 7 5 71.4 6 5 83.3 1

Stage 16 7 6 0.5

M1a 3 18.7 1 14.3 1 16.7

M1b 5 31.3 0 0 2 33.3

M1c 8 50 6 85.7 3 50

Brain metastases 16 3 18.7 7 2 28.6 6 2 33.3 0.6

Tumor sites (≥3) 16 6 37.5 7 3 42.9 6 4 66.7 0.5

LDH (high *) 16 4 25 6 3 50 5 2 40 0.5

Therapy 16 7 6

BRAFi 4 25

BRAFi + MEKi 12 75

Anti-CTLA-4 7 100 5 83.3

Anti-PD-1 1 16.7

N Median
(min-max) SD N Median

(min–max) SD N Median
(min–max) SD p

Age 16 58.5
(23–76) 14.0 7 58.0

(48–76) 10.0 6 62.0
(53–79) 8.8 0.2

Tumor burden (mm) 15 116.5
(0–408.2) 127.6 7 77.9

(8–260.3) 89.0 6 136.4
(52.2–309.5) 98.0 0.8

* above the normal range; p: p-value; SD: standard deviation.

2.2. Peripheral Blood Immune Populations and pDC Function Were Impaired in Chemo-Naïve MM Patients

As previously reported, circulating pDCs are reduced in various human cancer patients compared
to healthy subjects, particularly in the advanced stage of disease [35]. By flow cytometry on fresh
whole blood, we previously documented the collapse of pDC and myeloid DC (mDC) subsets in
advanced MM [29]. We extended this finding, showing that CD3+ and CD4+ T lymphocytes remained
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unchanged in MM (Table 2). We could not detect significant differences on the basis of the molecular
profile of the tumor both for absolute number of total leukocytes and for the frequencies of all analyzed
immune cell populations (Table S2). Altogether, these data suggest that MM patients are characterized
by an impairment of blood DCs, but not T lymphocytes.

Table 2. Peripheral blood immune populations in healthy donors (HD; N = 25) and metastatic melanoma
(MM) at baseline (T0; N = 29).

Immune Cell Population
MM (N = 29) HD (N = 25)

N Median IQR N Median IQR p *

% pDCs on PBMCs 29 0.3 0.2–0.3 24 0.4 0.4–0.6 0.0006

% mDCs on PBMCs 29 0.3 0.2–0.5 15 0.5 0.4–0.7 0.03

% CD3+ on PBMCs 29 58.9 52.6–62.3 15 58 50.1–66.8 0.9

% CD4+ on PBMCs 29 28.7 20.1–39.0 15 34.6 27.4–40.8 0.1

% IFN-α+ pDCs

R848 27 48.5 30.2–65.0 25 71.5 64.3–74.7 0.004

IMQ 27 21.1 8.7–41.7 24 38.3 29.4–45.1 0.02

CpG 26 9.3 4.3–13.9 22 11.6 5–15.2 0.4

% CXCL10+ pDCs

R848 24 78.4 64.8–85.3 19 80.9 79.1–86.8 0.08

IMQ 24 47.9 22.4–61.5 19 61.6 48.9–71.4 0.03

CpG 25 7.1 3.7–17.1 20 10.2 2.9–14.8 0.7

IQR (interquartile range): Q1–Q3; * p: p-value. The significant p-values are highlighted in bold.

We subsequently tested the response of pDCs to TLR-7/9 agonist stimulation. I-IFN exerts cancer
cell intrinsic effects and modulates the immunoediting process [36–38], while CXCL10, also known
as interferon gamma inducible protein 10 (IP-10), is a pro-inflammatory chemokine that is relevant
for the recruitment of antigen-specific T cells into the tumor tissues [39]. Through using intracellular
flow cytometry, we analyzed the pDC proficiency to produce IFN-α and CXCL10, after in vitro
stimulation of peripheral blood mononuclear cells (PBMCs) with TLR-7/9 agonists (Figure 1A). On a
background of patients’ heterogeneity, stimulation with two different TLR-7 agonists resulted in a
significant reduction of the frequency of IFN-α-producing pDCs in MM (R848 p = 0.004; imiquimod
(IMQ) p = 0.02) (Table 2 and Figure 1B). Moreover, the percentage of CXCL10 producing pDCs was
also significantly reduced after IMQ exposure (p = 0.03) (Table 2 and Figure 1C). On the contrary,
under CpG-A oligodeoxynucleotides (ODN) stimulation, IFN-α and CXCL10 production were not
significantly different between MM and HD (Table 2 and Figure 1B,C). The defect in TLR-7 signaling
response was not correlated with the melanoma molecular profile in the cohort analyzed herein
(Table S2).

According to the melanoma staging system (seventh edition, AJCC), our cohort of MM patients
was classified into M1a+b and M1c categories (Table S1) [40]. Compared to HD and M1a+b, the M1c
subgroup showed a significant decrease in IFN-α-producing pDCs after TLR-7 stimulation (R848: HD
vs. M1c, p < 0.0001; IMQ: HD vs. M1c, p = 0.0014; M1a+b vs. M1c, p = 0.0190) (Figure 1D). Similarly,
the percentage of CXCL10-producing pDCs resulted in a significant decrease in advanced disease
stages (R848: HD vs. M1c, p = 0.0133; IMQ: HD vs. M1c, p = 0.0485) after TLR-7 agonist administration
(Figure 1E). Altogether, these data highlight an impairment of the TLR-7 signaling pathway in fully
differentiated pDCs that are associated with disease progression.

2.3. LDH Level and Tumor Burden Were Associated with Decreased Frequency of Peripheral Blood Immune
Cells in Chemo-Naïve MM Patients

Elevated level of serum LDH is a relevant independent negative prognostic biomarker in melanoma
that indicates an active metastatic disease [41]. The analysis of immune cells in the peripheral blood of
chemo-naïve patients revealed that levels of LDH above the normal range (details are found in the
Materials and Methods section) are associated with a significant decreased frequency of circulating
lymphocytes (p = 0.02), particularly of CD4+ T cells (p = 0.03) (Table 3 and Figure 2A,B). Similarly,
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a decline in the frequencies of pDCs and mDCs resulted in association with elevated serum levels of
the enzyme (p = 0.003 and p = 0.02, respectively) (Table 3, Figure 2C,D). These data suggest that the
systemic release of LDH in advanced melanoma might affect the generation or viability of blood T
lymphocytes, pDCs, and mDCs. On the contrary, serum LDH levels are not associated with a reduced
frequency of IFN-α+ and CXCL10+ pDCs in response to TLR-7/9 agonists in chemo-naïve MM patients
(Table 3).
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peripheral blood of HD (n = 25) and MM patients (n = 29). Total PBMCs were cultured in RPMI 1640 
medium supplemented with 10% FBS and IL-3 and stimulated with R848 or IMQ for 2 h (B,D) and 6 
h (C,E), and with CpG-ODN 2216 for 6 h (B-E). IFN-α (B,D) and CXCL10 (C,E) were analyzed by 
intracellular flow cytometry staining. Scatter dot plot graphs illustrate the percentages of positive 
pDCs evaluated on BDCA-2+/CD123+ cells. Subgroup analysis of the MM cohort illustrating the 
frequency of IFN-α+ and CXCL10+ pDCs in M1a-c categories (D,E). Median and IQR are shown in 
(B,C). Mean and SD are shown in (D,E). The statistical significance was calculated by Wilcoxon–
Mann–Whitney test (B,C) and by a Student’s t-test (D,E). * p < 0.05; ** p < 0.01; **** p < 0.0001.  

Figure 1. Frequency of interferon alpha (IFN-α) and CXCL10-producing plasmacytoid dendritic cells
(pDCs) in chemo-naïve MM patients and HD. Representative dot plots of R848-stimulated IFN-α+ and
CXCL10+ pDC subsets obtained from HD and MM patients are shown (A). PBMCs were isolated from
peripheral blood of HD (n = 25) and MM patients (n = 29). Total PBMCs were cultured in RPMI 1640
medium supplemented with 10% FBS and IL-3 and stimulated with R848 or IMQ for 2 h (B,D) and
6 h (C,E), and with CpG-ODN 2216 for 6 h (B–E). IFN-α (B,D) and CXCL10 (C,E) were analyzed by
intracellular flow cytometry staining. Scatter dot plot graphs illustrate the percentages of positive pDCs
evaluated on BDCA-2+/CD123+ cells. Subgroup analysis of the MM cohort illustrating the frequency
of IFN-α+ and CXCL10+ pDCs in M1a-c categories (D,E). Median and IQR are shown in (B,C). Mean
and SD are shown in (D,E). The statistical significance was calculated by Wilcoxon–Mann–Whitney test
(B,C) and by a Student’s t-test (D,E). * p < 0.05; ** p < 0.01; **** p < 0.0001.
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Table 3. Peripheral blood immune populations and lactate dehydrogenase (LDH) level in MM patients
cohort at baseline (T0; N = 29).

Immune Cell Population
Normal LDH (N = 18) High LDH * (N = 9)

N Median IQR N Median IQR p

n◦ leukocytes/µl 14 6805 5830–9270 9 9110 6860–12,050 0.08

% neutrophils on LK 14 54.7 47.2–68.5 8 66.2 54.9–74.3 0.1

% lymphocytes on LK 14 32.3 20.8–39 8 19.9 12.1–26.1 0.02

% monocytes on LK 14 8.3 7.5–11 8 7.5 6.1–10.3 0.2

% eosinophils on LK 14 2.1 1.6–2.5 8 0.8 0.1–3 0.1

% basophils on LK 14 0.6 0.4–0.8 8 0.5 0.2–0.6 0.3

% pDCs on PBMCs 18 0.3 0.2–0.4 9 0.1 0.1–0.2 0.003

% mDCs on PBMCs 18 0.4 0.3–0.5 9 0.2 0.1–0.2 0.02

% CD3+ on PBMCs 18 60.2 54.6–68.9 9 46.7 40.7–59.8 0.06

% CD4+ on PBMCs 18 30.9 25.5–42.6 9 23.8 17.8–27 0.03

% IFN-α+ pDCs

R848 17 56.7 35.1–82 9 43.0 25.9–58 0.2

IMQ 17 27.7 14–56.4 9 13.6 5.4–27 0.08

CpG 16 7.8 4.2–14.2 9 9.9 8.3–10.9 1

% CXCL10+ pDCs

R848 14 78.4 71.9–85.5 9 75.2 51.6–84.1 0.7

IMQ 14 47.3 23.9–57.9 9 47.5 19–69 0.4

CpG 15 5.2 2.9–11.7 9 17.1 5.7–36.8 0.1

IQR (interquartile range): Q1–Q3; p: p-value; LK: leukocytes; * referred to values above the normal range.
The significant p-values are highlighted in bold.
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Figure 2. High LDH serum level associated with decreased frequencies of peripheral blood immune
cells in MM patients. Immune cell populations were identified on whole blood samples of chemo-naïve
MM patients by cell counts or flow cytometry. Scatter dot plot graphs represent the percentages of
lymphocytes on total leukocytes (LK) (A), CD4+ T lymphocytes (B), pDCs (C), and mDCs (D) on total
PBMCs. LDH levels are indicated as LDHNorm (for values within the normal range) and LDHHigh (for
values greater than the normal range). Error bars represent the median with IQR (n = 27). The statistical
significance was calculated by Wilcoxon–Mann–Whitney test. * p < 0.05; ** p < 0.01.
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Tumor burden at baseline has been identified as a relevant predictor for MM outcome [42]. Soluble
products or metabolic competition by massive amounts of melanoma cells could explain the defective
immune cell frequencies and function. Accordingly, tumor burden resulted in inverse correlated with
the frequencies of circulating lymphocytes (p = 0.03), including CD3+ and CD4+ T cells (p = 0.04 and
p = 0.02, respectively), as well as pDC and mDC frequencies (p = 0.006 and p = 0.001, respectively)
(Table 4). On the contrary, no correlation was detected between the tumor burden and the pDC function
(Table 4).

Table 4. Correlation between tumor burden (mm) and peripheral blood immune cells of the MM
patient cohort at baseline (T0; N = 29).

Immune Cell Population N Rho p

n◦ leukocytes/µl 22 0.41 0.06

% neutrophils on LK 21 0.24 0.30

% lymphocytes on LK 21 −0.48 0.03

% monocytes on LK 21 −0.08 0.72

% eosinophils on LK 21 −0.22 0.34

% basophils on LK 21 −0.44 0.05

% pDCs on PBMCs 28 −0.51 0.006

% mDCs on PBMCs 28 −0.59 0.001

% CD3+ on PBMCs 28 −0.39 0.04

% CD4+ on PBMCs 28 −0.45 0.02

% IFN-α+ pDCs

R848 26 −0.36 0.07

IMQ 26 −0.34 0.09

CpG 25 −0.10 0.62

% CXCL10+ pDCs

R848 23 −0.28 0.20

IMQ 23 −0.11 0.63

CpG 24 0.11 0.61

Rho: Pearson correlation coefficient; LK: leukocytes; The significant p-values are highlighted in bold.

In conclusion, systemic LDH and bulky disease are associated with impaired immune cell
generation and viability, particularly in DCs.

2.4. In Vitro Exposure to Lactic Acidosis Impaired the Viability and Function of Fully Differentiated pDCs

The oncometabolite lactate and acidosis have immunosuppressive effects on various immune
cells, including pDCs [43–45]. Lactate, glucose concentrations, and the pH level were measured in the
supernatants of human melanoma cell lines (SN-mel; collected as previously described by Vescovi et
al. [29]). Compared to RPMI control, SN-mel contained higher levels of lactate, inversely associated
with glucose levels (Figure S1A), and slight acidosis (pH range: 6.7–7.2 versus 8.0) (Figure S1B),
indicating metabolic lactic acidosis. We tested the viability of pDCs and T lymphocytes in three
different culture conditions: (i) lactic acidosis, (ii) lactosis, and (iii) acidosis. To this end, we exposed
pDCs and T lymphocytes purified from HD to increasing concentrations of lactic acid (LA), sodium
lactate (NaL), and hydrochloric acid (HCl). The pH values of the medium containing LA 10 mM,
15 mM, and 20 mM corresponded to 6.5, 6.0, and 5.5, respectively. pDC death, in the form of late
apoptosis or necrosis, was significantly increased by high concentrations of LA (20 mM; p = 0.01)
(Figure 3A–C). Similarly, the viability of T cells was significantly reduced by the highest lactic acidosis
condition (p = 0.03), in terms of both apoptotic (p = 0.03) and necrotic cell death (p = 0.03) (Figure 3D–F).
The highest concentration of HCl (pH = 5.5) was also associated with a significant increase of the pDC
late apoptosis or necrosis (p = 0.03), while affecting both late (p = 0.01) and early apoptosis (p = 0.01) of
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T cells (Figure 3G–L). On the contrary, the lactosis condition did not affect pDC and T cell viability
(Figure S2). Together these results indicate that acidosis, but not lactosis, induces pDC and T cell death.Cancers 2020, 12, x 8 of 23 

 

 
Figure 3. Lactic acidosis affects the viability of pDCs and T cells. pDCs and T cells purified from buffy 
coats of HD were cultured in RPMI 1640 medium supplemented with 10% FBS plus lactic Acid (10 
mM; 15 mM; 20 mM) (n = 7 (A–C); n = 6, (D–F)) or hydrochloric acid (pH = 7.4; 7.0; 6.5; 6.0; 5.5 (n = 6 
(G–I); n = 7, (J–L)) for 24 h. IL-3 was added to pDCs’ culture. The cellular viability was analyzed by 
annexin V/SYTOX AADvanced staining in flow cytometry. Aligned dot plot graphs show the 
percentages of dead (A,D,G,J), early apoptotic (B,E,H,K), and late apoptotic or necrotic cells (C,F,I,L). 
Bars represent the mean of biological replicates. The statistical significance was calculated by two-
sample paired sign test. * p < 0.05. 

Lactate has been recently proposed as an inhibitor of the pDC function in the tumor 
microenvironment [45,46]. Hence, we assessed the IFN-α production on pDCs isolated from HD and 
exposed to increasing concentrations of LA. The percentage of IFN-α-producing pDCs under R848 
stimulation was progressively reduced by increasing concentrations of LA (10 mM, p = 0.01; 15 mM, 
p = 0.01; 20 mM, p = 0.01) and was completely abolished at a concentration of 20 mM (Figure 4A). 
pDCs were subsequently exposed to increasing concentration of HCl and stimulated with R848. The 
percentage of IFN-α+ pDCs was progressively reduced by decreasing pH levels as well (pH 6.0, p = 

Figure 3. Lactic acidosis affects the viability of pDCs and T cells. pDCs and T cells purified from buffy
coats of HD were cultured in RPMI 1640 medium supplemented with 10% FBS plus lactic Acid (10 mM;
15 mM; 20 mM) (n = 7 (A–C); n = 6, (D–F)) or hydrochloric acid (pH = 7.4; 7.0; 6.5; 6.0; 5.5 (n = 6 (G–I);
n = 7, (J–L)) for 24 h. IL-3 was added to pDCs’ culture. The cellular viability was analyzed by annexin
V/SYTOX AADvanced staining in flow cytometry. Aligned dot plot graphs show the percentages of
dead (A,D,G,J), early apoptotic (B,E,H,K), and late apoptotic or necrotic cells (C,F,I,L). Bars represent
the mean of biological replicates. The statistical significance was calculated by two-sample paired sign
test. * p < 0.05.

Lactate has been recently proposed as an inhibitor of the pDC function in the tumor
microenvironment [45,46]. Hence, we assessed the IFN-α production on pDCs isolated from HD and
exposed to increasing concentrations of LA. The percentage of IFN-α-producing pDCs under R848
stimulation was progressively reduced by increasing concentrations of LA (10 mM, p = 0.01; 15 mM,

446



Cancers 2020, 12, 2085

p = 0.01; 20 mM, p = 0.01) and was completely abolished at a concentration of 20 mM (Figure 4A).
pDCs were subsequently exposed to increasing concentration of HCl and stimulated with R848.
The percentage of IFN-α+ pDCs was progressively reduced by decreasing pH levels as well (pH 6.0,
p = 0.01; pH 5.5, p = 0.01) (Figure 4B). In conclusion, in vitro acidosis dramatically impaired the pDC
viability and their proficiency to produce IFN-α.
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15 mM; 20 mM) (n = 7; (A)) or hydrochloric acid (pH = 7.4; 7.0; 6.5; 6.0; 5.5) (n = 7; (B)) for 24 h. pDCs
were stimulated with R848 for 2 h. Intracellular IFN-α was analyzed by flow cytometry. Aligned dot
plot graphs show the percentages of IFN-α+ pDCs evaluated on BDCA-2+/CD123+ cells. Bars represent
the mean of biological replicates. The statistical significance was calculated by two-sample paired sign
test. * p < 0.05.

2.5. Baseline Lymphocyte and pDC Frequencies Predicted MM Outcome

On the basis of the clinical relevance of recent treatment options for advanced stage of disease,
additional prognosticators might help in patient’s selection. The analysis of survival revealed that
among 29 MM patients, the median OS time was 14 months (range: 1–35 months), with a total of 62% of
patients dying, while the median PFS time was 4 months (range: 1–35 months) (Table S3). Among the
significant prognosticators, NRAS mutations (p = 0.03), M1c stage (p = 0.0016), presence of brain
metastases (p = 0.0001), high LDH levels (p = 0.0002), and elevated tumor burden (p = 0.01) resulted in
a significant correlation with poor outcome in univariate analysis (Figure 5A–E). In terms of immune
profile, a reduced frequency of lymphocytes (p = 0.01), pDCs (p = 0.01), CD3+ (p = 0.03), and CD4+ T
cells (p = 0.01) predict poor OS in an univariate Cox regression model (Table 5). By subgrouping the
MM cohort on the basis of the frequencies of immune cell subsets, only the low frequency of pDCs
resulted in an association with worse prognosis (p = 0.03; Figure 6). Finally, a decrease of IFN-α and
CXCL10-positive pDCs after stimulation with R848 (p = 0.04 and p = 0.03, respectively) also predicted a
worse outcome. In our cohort, the PFS probability calculated in an univariate Cox regression model was
significantly correlated with patient’s molecular profile (p = 0.0006), stage (p = 0.004), brain metastasis
(p = 0.001), and LDH serum level (p = 0.003) (Figure 5F–J); on the contrary, the immune profile failed to
predict PFS (Table S4).

These data suggest that profiling circulating immune cells, particularly pDCs, might offer
additional biomarkers of outcome.
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Figure 5. Survival analysis of MM patients. Overall survival (OS) (A–E) and progression-free survival
(PFS) (F–J) according to molecular profile (N = 29; (A,F)), stage of melanoma (N = 29; (B,G)), presence
of brain metastases (N = 29; (C,H)), LDH serum level (N = 27; (D,I)), and tumor burden (N = 28; (E,J))
are reported. Survival analysis was performed using the Kaplan–Meier method and the statistical
significance was calculated by the log-rank test. * p < 0.05; ** p < 0.01; *** p < 0.001; ns = not statistically
significant p-value.
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Table 5. Univariate and multivariate Cox regression models for OS in MM patients at baseline (T0; N = 29).

Immune Cell Population
Univariate Multivariate ◦

HR p 95% CI HR p 95% CI

n◦ leukocytes/µl 1.06 ** 0.27 0.96–1.18

% neutrophils on LK 1.01 0.61 0.96–1.07

% lymphocytes on LK 0.92 0.01 0.87–0.98 0.95 0.06 0.90–1.00

% monocytes on LK 1.04 0.73 0.82–1.33

% eosinophils on LK 0.79 0.33 0.49–1.27

% basophils on LK 0.85 * 0.14 0.02–1.75

% pDCs on PBMCs 0.61 * 0.01 0.68–1.06 0.72 0.06 0.52–1.01

% mDCs on PBMCs 0.84 * 0.24 0.63–1.12

% CD3+ on PBMCs 0.95 0.03 0.91–1.00 0.98 0.54 0.94–1.04

% CD4+ on PBMCs 0.93 0.01 0.88–0.98 0.97 0.30 0.90–1.03

% IFN-α+ pDCs
R848 0.98 0.04 0.96–1.00 0.98 0.19 0.96–1.01

IMQ 0.98 0.07 0.95–1.00

CpG 0.98 0.44 0.93–1.03

% CXCL10+ pDCs
R848 0.98 0.03 0.96–1.00 0.99 0.25 0.97–1.01

IMQ 1.00 0.72 0.97–1.02

CpG 1.04 0.01 1.01–1.07 1.05 0.008 1.01–1.08

LK: leukocytes; * HR associated with a 0.1 unit increase; ** HR associated with a 1000 unit increase; ◦ adjusted for
molecular profile (NRASQ61+ vs. BRAFV600+ or BRAFwt/NRASwt) and stage of the disease (M1c vs. M1a or M1b).
p: p-value. The significant p-values and relative hazard ratio are highlighted in bold.Cancers 2020, 12, x 11 of 23 
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Figure 6. Survival analysis of MM patients according to immune cell subsets. Overall survival analysis
(OS) according to the frequency of pDCs (A), mDCs (B), CD3+ (C), and CD4+ T lymphocytes (D)
(N = 29) are reported. Survival analysis was performed using the Kaplan–Meier method and the
statistical significance was calculated by the log-rank test. ** p < 0.01; ns = not statistically significant
p-value.
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2.6. Partial pDC Recovery after BRAFi and MEKi Administration

A combination of BRAFi and MEKi represents the standard of care for BRAFV600+ MM patients.
These agents inhibit the constitutively activated RAF–RAS–MEK–ERK pathway in melanoma
cells [47] and are associated with potent clinical responses [48,49], partially mediated by the immune
system [10,15], including DCs [16]. We monitored peripheral blood leukocyte frequencies and pDC
function in BRAFV600+ MM patients treated with a combination of MEKi and BRAFi or BRAFi alone.
For this purpose, blood samples were obtained at different time points over treatment, on the basis of
the expected time to the clinical response (details in the Materials and Methods Section 4.1). Compared
to the values found in HD, no recovery in the frequencies of peripheral blood immune populations
was observed. However, within the MM cohort, some differences emerged by comparing various time
points. A significant increase of circulating lymphocytes was observed over 120 days of treatment
(p = 0.05) (Table 6 and Figure 7A). Instead, pDC frequency was significantly reduced after 30 days
of therapy (p = 0.01) but returned to the baseline level (T0) after 120 days of treatment (Table 6 and
Figure 7B). No significant variation in cell frequency was detected for the other immune populations
(Table 6 and Figure 7C).

Table 6. Variation of the peripheral blood immune populations at 1 month (T1; N = 12) and 4 months
(T2; N = 9) from therapy’s initiation compared to the baseline (T0; N = 16) in the group of BRAFV600+

MM patients.

Immune Cell Population
Variation T1–T0 Variation T2–T0

N Mean SD p N Mean SD p

n◦ leukocytes/µl 13 −810 1891 0.2 6 −1161 1260 0.1

% neutrophils on LK 13 −3.2 10.8 0.3 6 −10.3 12.7 0.1

% lymphocytes on LK 13 3.6 8.9 0.1 6 11.0 12.2 0.05

% monocytes on LK 13 1.0 3.6 0.2 6 0.1 1.9 0.8

% eosinophils on LK 13 0.7 1.8 0.2 6 −0.7 1.6 0.4

% basophils on LK 13 0.4 0.5 0.07 6 0.0 0.2 0.6

% pDCs on PBMCs 16 −0.1 0.1 0.01 9 −0.1 0.1 0.3

% mDCs on PBMCs 16 0.0 0.2 1.0 9 0.0 0.2 1.0

% CD3+ on PBMCs 16 −1.4 10.2 0.6 9 −4.5 9.7 0.5

% CD4+ on PBMCs 16 −0.1 6.6 1.0 9 −0.5 20.6 0.4

% IFN-α+ pDCs

R848 14 0.3 37.1 1.0 7 19.1 17.7 0.03

IMQ 14 −2.0 34.0 1.0 7 8.6 14.6 0.1

CpG 12 3.6 7.6 0.2 5 −0.1 9.1 0.9

% CXCL10+ pDCs

R848 12 −9.2 31.9 0.2 5 −4.1 9.1 0.4

IMQ 12 −4.9 32.4 0.5 5 8.9 19.5 0.2

CpG 12 −1.6 15.3 0.8 5 1.9 1.5 0.08

LK: leukocytes; p: p-value. The significant p-values are highlighted in bold.

Recent studies suggest that the MAPK pathway inhibition by targeted therapies in BRAFV600+

melanoma patients can improve the melanoma-specific immune responses [15]. In monocyte-derived
DCs (moDC), interleukin 12 (IL-12) and tumor necrosis factor alpha (TNF-α) production and
co-stimulatory molecule expression is impaired after co-culture with melanoma cells, but it can
be easily restored by pre-treatment with BRAFi [16]. Moreover, inhibitors of MEK1/2 (i.e., PD0325901
and U0126) significantly increase the TLR-9-mediated production of I-IFN in pDCs, restoring the
I-IFN production previously blocked via B cell receptor (BCR)-like signaling [50]. We examined
the function of pDCs from MM patients treated with BRAFi alone or in combination with MEKi.
A significant increase in the percentage of IFN-α+ pDCs was registered, comparing T2 versus T0
patients (p = 0.03) after R848 stimulation (Table 6 and Figure 7D). In contrast, no differences were
detected in the pool of IFN-α-producing pDCs after IMQ or CpG stimulation. No recovery of the
percentage of CXCL10-producing pDCs following TLR-7 and TLR-9 stimulation was obtained after
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1 month and 4 months of therapy administration (Table 6). Taken together, these data suggest a partial
rescue of the pDC function, in terms of the percentage of IFN-α producing pDCs after R848 stimulation.
The inhibitory effects of MEKi on T cells and moDC cytokine production, co-stimulatory molecule
expression, and viability have been previously demonstrated [10,51]; on the contrary, no effects have
been reported by direct exposure of immune cells to BRAFi. No data are available on the pDC
compartment. In light of these reports, we exposed fully differentiated pDCs from HD to the BRAFi
PLX4032 (vemurafenib) treatment alone or in combination with the MEKi U0126. The percentage of
dead pDCs, as measured by annexin V/SYTOX AADvanced staining, did not significantly increase after
24 h of treatment with PLX4032 with or without U0126 compared to the vehicle control (Figure S3A–C).
Furthermore, after 24 h of BRAFi and MEKi treatment, purified pDCs were stimulated with R848, IMQ,
and CpG and the IFN-α and CXCL10 intracellular production was evaluated by flow cytometry analysis.
Although variable under R848 and IMQ stimuli, the percentage of IFN-α+ pDCs was not significantly
affected by direct exposure to PLX4032 and U0126 compared to vehicle control (Figure S3D). Similarly,
the percentage of CXCL10+ pDCs was unchanged after PLX4032 in vitro administration both alone or
combined with U0126 (Figure S3E).

Altogether, these results rule out inhibitory effects of direct exposure of BRAFi and MEKi on the
pDC recovery in patients undergoing systemic cancer treatment.
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Figure 7. Frequency of peripheral blood immune cells and IFN-α+ pDCs in BRAFV600+ MM patients
over therapy administration. Cell counts (A) and flow cytometry (B,C) analysis were performed on
whole blood from BRAFV600+ MM patients before therapy initiation (T0; n = 16), after 30 days (T1;
n = 12), and after 120 days (T2; n = 9) from therapy administration (A–C). Total PBMCs isolated from
peripheral blood of MM patients were cultured in RPMI 1640 medium and stimulated with R848 for 2 h
(D). IFN-α was analyzed by intracellular flow cytometry staining (D). Before–after graphs illustrate the
frequency of lymphocytes (A), pDCs (B), and mDCs (C) on total PBMCs, and the frequency of IFN-α+

pDCs on BDCA-2+/CD123+ cells (D) for each subject. Bold black lines represent the median values.
The statistical significance was calculated by Wilcoxon signed-rank test. * p < 0.05.
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3. Discussion

The frequency of circulating pDCs is dramatically reduced in melanoma patients with systemic
spread [29,52,53], but their clinical significance as well as their functional state have been poorly
characterized [35]. Findings from retrospective analysis are conflicting [35]. This study reports the
analysis of the circulating pDCs in a prospective chemo-naïve MM patient cohort. Results indicate that
pDCs are dramatically depleted in MM patients with elevated serum LDH and high tumor burden.
By comparison with HD, we found that the residual pDCs result in severe impairment in IFN-α and
CXCL10 production in response to TLR-7/8 agonists, particularly in more advanced disease stage.
On the contrary, the ability to respond to TLR-9 agonists remained intact. By multiple time point
monitoring, we also found that in the BRAFV600+ subgroup, the pDC frequency was not recovered by
BRAFi/MEKi treatment, whereas pDC function was partially restored. Finally, in vitro exposure to
lactic acidosis negatively affected both the viability and function of terminally differentiated pDCs.
One limitation of this study was the small sample size of the study cohort; however, the obtained
findings provide the rationale for a prospective large-scale study.

The role of pDCs in cancer immunity is relevant due to their capability to produce large amounts
of I- and III-IFNs, when properly activated through TLR-7 and -9 agonists, linking the innate and
adaptive immune responses [54]. However, tumor-conditioned pDCs contribute to the establishment of
an immunosuppressive milieu in several types of cancer and are associated with poor outcome [55–57].
IFNs participate in the host anti-tumor immune responses by exerting various regulatory functions
on tumor cells as well as on cells of the microenvironment, especially on immune cells [36,58]. Here,
we found that circulating pDCs are severely impaired in IFN-α and CXCL10 production in MM patients,
suggesting that tumor-mediated I-IFN inhibitory mechanisms might take place in the blood. Even
though the pDC response is largely heterogeneous in human subjects, we found a reduced fraction
of IFN-α-producing pDCs after stimulation with TLR-7 agonists (i.e., resiquimod and imiquimod),
in chemo-naïve MM patients. On the contrary, pDCs remained proficient after stimulation with a TLR-9
agonist (i.e., CpG-A ODN 2216). From a mechanistic point of view and as extension to the current study,
we envisage the analysis of TLR-7 and TLR-9 protein expression on peripheral blood pDCs from MM
patients. Despite the structural and functional similarities between TLR-7 and TLR-9, recent findings
suggest that they are distinctly regulated in intracellular localization and trafficking by the molecular
chaperone UNC93B1 [59,60]. Moreover, a contaminating pre-DC subpopulation, unable to produce
high amounts of I-IFN in response to TLR7/8 and TLR9 stimulation, has been recently documented
within the pDC fraction [61]. Although CpG-ODN is considered the most efficient stimulus for the
TLR-9 signaling pathway activation [62], only a limited fraction of CpG-activated pDCs in HD showed
an intracellular positivity for IFN-α. Human blood pDCs diversify into functionally distinct subsets
after activation by CpG-ODN; the production of IFN-α by individually stimulated pDCs is controlled
by stochastic gene regulation and paracrine I-IFN signaling in the microenvironment and might play a
protective role reducing I-IFN levels and tissue damage [63,64].

It is worth noting that the M1c subgroup of MM was characterized by a more severe impairment
of TLR-7-activated pDCs in the IFN-α and CXCL10 production, indicating a progressive reduction of
the pDC function associated with advanced disease stages. Moreover, the functional impairment of the
R848-activated pDCs predicted a worse prognosis in term of OS. On the other hand, neither the high
LDH serum level nor the elevated tumor burden directly affected the pDC capability to produce IFN-α
and CXCL10, recognizing their poor values as reliable biomarkers for pDC dysfunction in melanoma
patients. On the basis of these results, assays measuring pDC function should be incorporated in future
analysis to confirm their clinical relevance and utility.

Lactate and acidosis, generated by high glycolytic tumor metabolism, lead to a local
suppressive effect on various immune cells, including macrophages, myeloid derived suppressor
cells, and DCs [30,34,65]. The oncometabolite lactate has been recently proposed as a suppressor of
IFN-α production, capable of reprogramming intra-tumoral pDCs to tolerogenic function [45,46]. High
serum LDH predicts poor survival [66] and poor clinical response to anti-PD-1 treatment in melanoma
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patients [67], suggesting effects on cancer cell elimination by adaptive immunity [31]. A collapse
of the circulating DC compartments has been previously demonstrated in advanced melanomas,
more dramatically in the systemic disease (M1c) [29,52,53]. In the MM cohort analyzed in this study,
the low frequencies of pDC, mDC, and T lymphocyte subsets were also associated with high serum
LDH and elevated tumor burden as predictors of shorter OS. Accordingly, in vitro studies presented
here hint that the exposure of pDCs and of T cells to severe acidosis promote their cell death. At the
same time, increasing concentration of lactic acid as well as HCl have progressively reduced IFN-α
production by fully differentiated pDCs. We found that increased lactate production was associated
with a reduction of the glucose concentration in the melanoma supernatants, suggesting an active
glycolytic activity by melanoma cells and nutrient deprivation in cell culture medium. On the contrary,
only a slight acidosis was measured on SN-mel. Altogether, these findings support the hypothesis
that an increased lactic acidosis induced by high glycolytic tumor metabolism is involved in the
melanoma-mediated pDC collapse. On the other hand, as previously reported, glucose deprivation
does not interfere with viability of human pDCs, whereas glycolysis is an essential metabolic pathway
for pDCs to execute innate immune functions (e.g., IFN-α secretion) [68,69], suggesting that nutrient
deprivation or glycolysis inhibition could impair pDC function in MM. Like many other cancer
types, rapidly proliferating melanoma cells utilize aerobic glycolysis at high rates. Aerobic glycolysis,
the resulting lactate and proton secretion in the tumor microenvironment as well as the levels of
MCT1 transporter in melanoma cells cooperate to promote metastatization in several ways [70,71],
as well as to suppress the immune surveillance. The I-IFN deficiency of pDCs might likely result
from defective TLR-7/9 signaling pathways induced by soluble factors released in high amounts in
melanoma patients, such as cytokines [72,73]. In addition, the I-IFN response is fine-tuned by a set
of surface interferon inhibitory receptors, such as the immunoglobulin-like transcript 7 (ILT-7) and
the type II C-type lectin BDCA-2 [74,75], and their physiological ligands have been identified on
tumor cells [76,77]. Tumor-associated pDCs can be reprogrammed to their anti-tumor function upon
appropriate re-activation with TLR-7 and TLR-9 agonists [78–81], and numerous clinical trials (phase
I-III) are ongoing (Clinicaltrials.gov study identifiers: NCT02644967, NCT03445533, NCT03052205,
NCT03084640, NCT03618641, NCT02680184, NCT03831295, and NCT02521870). Our study could help
to identify a proper window for clinical intervention of these compounds in combination with the
current therapies in MM patients. In particular, our data suggest a defective signaling through TLR-7,
but not TLR-9. On the basis of these findings, administration of synthetic ODNs might represent a
valid alternative to topical administration of IMQ.

The molecular profile of cancer cells can modify cancer cell immunogenicity [82] and the
surrounding immune contexture [11,83]. The occurrence of BRAFV600+ mutation is associated with an
increased pDC density in melanoma metastasis compared with BRAF wild-type tumors [84], whereas
in locally advanced PCM, a collapse of the pDC compartment particularly occurs in NRAS-mutated
tumors [29]. In this study, the frequencies of peripheral blood DCs or T lymphocytes were not
associated with the tumor molecular profile, as was the impaired production of IFN-α by pDCs.
The analysis was extended to BRAFV600+ MM patients treated with dabrafenib plus trametinib,
vemurafenib plus cobimetinib, or vemurafenib/dabrafenib alone, which act on the constitutively
activated RAF–RAS–MEK–ERK pathway [47]. Targeted therapies represent the treatment of choice in
patients with bulky and symptomatic disease who deserve a rapid clinical response [9]. The therapeutic
activity of BRAFi and MEKi partially depends on host immune cell activation. Indeed, BRAFi
post-treatment biopsies are characterized by an increased T cell infiltration [15], and immune checkpoint
molecules are increasingly expressed by tumor cells and T cells within 2 weeks of therapy [10]. Moreover,
in vitro study has demonstrated that combination of vemurafenib and MEKi U0126 promotes the
recovery of DC functions impaired by melanoma cells [16]. Although an objective clinical response by
RECIST was observed in many BRAFV600+ MM patients undergoing targeted therapy, no circulating
pDC and mDC recovery was noticed after 120 days of treatment by time point analysis, while a slight
lymphocyte restoration was achieved. It would be relevant to test long-term responder for a better
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understanding of the mechanisms sustaining DC recovery. On the contrary, a moderate increase of the
frequency of IFN-α-producing pDCs was obtained in patients after 4 months from therapy initiation,
although the pDC function was not fully recovered. The lack of DC recovery in BRAFV600+ patients
might be explained by some direct effects of MEKi on DC compartment, as previously demonstrated [16].
However, in vitro experiments from this study showed that pDC viability and function were not
significantly affected by direct exposure to BRAFi and MEKi. Microscopic residual disease might
interfere with a full pDC recovery; this suggests that combined circulating tumor DNA (ctDNA) and
DC monitoring in the setting of a prospective analysis might provide support to this notion.

4. Materials and Methods

4.1. Experimental Design

This study included a prospective cohort (BRAF-mutated (n = 16) and BRAF/NRAS wild-type
patients (n = 13)) for a total of 29 histologically confirmed metastatic melanoma (MM) patients (AJCC,
Stage IV, Chicago, IL, USA) and 25 healthy donors (HD), enrolled between December 2014 and November
2017. The local ethics committee provided formal approval to this project (WV-Immunocancer 2014 to
W.V., institutional review board code NP906). Exclusion criteria included immune deficiency (steroid
administration); bone marrow transplant; and known history of human immunodeficiency virus 1 and
2 (HIV1; HIV2), hepatitis B virus (HBV), and hepatitis C virus (HCV) infection.

Patients with BRAF p.V600E/K mutant MM were monitored at different time points (T0 = 0 day,
n = 16; T1 = 30 days, n = 12; T2 = 120 days, n = 9). HD were enrolled at the same time as chemo-naïve
MM patients. A primary stratification according to the “AJCC Melanoma Staging and Classification
7th edition” was applied to our MM cohort (Table S1). Furthermore, patients were stratified on the
basis of baseline LDH: values below or equal to 1 × the upper limit of normal (ULN) were identified as
“normal” (n = 18), and values above 1 ×ULN were identified as “high” (n = 9) (Table S1). The “tumor
burden” of 28 patients who had at least 10 measurable lesions was analyzed on computed tomography
scans of the chest and abdomen (Table S1). Lung nodules ≤ 5 mm in axial diameter were excluded.
Baseline disease burden was determined by the sum of the product of axial diameter for the biggest
metastatic lesions. The objective response was defined as complete response (CR), partial response
(PR), stable disease (SD), or progressive disease (PD), according to RECIST 1.1 criteria (Table S1).

4.2. Human Subjects and Blood Specimen Processing

A total of 10 mL of whole blood was collected from 29 MM patients and 25 HDs. Blood was drawn
directly into S-Monovette 2.7 mL K3E (1.6 mg EDTA/mL; Sarstedt, Nümbrecht, Germany), gently
rocked at room temperature until processing. Additionally, the blood counts were performed on MM
samples as part of their clinical routine hematology. Clinical features of the MM patients previously
reported by Vescovi R. et al. [29] are included as Table S1.

4.3. Peripheral Blood Mononuclear Cell Stimulation

Peripheral blood mononuclear cells (PBMCs) were obtained from HD and MM patients by Ficoll
gradient. PBMCs (1 × 106 cells/mL) were cultured in RPMI 1640 medium (Biochrom GmbH, Berlin,
Germany) with 10% fetal bovine serum (FBS) (Biochrom GmbH, Holliston, MA, USA) and 20 ng/mL
human IL-3 (Miltenyi Biotec, Bergisch Gladbach, Germany). Total PBMCs (1 × 106 cells/mL) were
stimulated with resiquimod (R848) or imiquimod (IMQ) 5 µg/mL (Invivogen, San Diego, CA, USA) and
CpG-ODN 2216 6 µg/mL (Miltenyi Biotec, Bergisch Gladbach, Germany) for 2 h and 6 h, respectively.
Brefeldin A (1 µg/mL; Sigma-Aldrich, St. Louis, MO, USA) was added after 1 h or 4 h (in samples
stimulated for 2 h or 6 h, respectively).
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4.4. Purification, Culture, and Stimulation of Peripheral Blood pDCs and T Lymphocytes

PBMCs were obtained from buffy coats of healthy volunteer blood donors (courtesy of the Centro
Trasfusionale, ASST Spedali Civili, Brescia, Italy) by Ficoll gradient. Peripheral blood pDCs and T cells
were magnetically sorted with the Plasmacytoid Dendritic Cell Isolation Kit II and the human Pan
T Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany), respectively. Isolated pDCs and
T lymphocytes (5 × 105 cells/mL) were cultured in RPMI 1640 medium (Biochrom GmbH, Holliston,
MA, USA) with 10% FBS (Biochrom GmbH, Holliston, MA, USA), and 20 ng/mL human IL-3 (Miltenyi
Biotec, Bergisch Gladbach, Germany) was added to pDCs’ culture medium.

pDCs and T lymphocytes were cultured for 24 h in RPMI 1640 medium supplemented with 10%
FBS (Biochrom GmbH, Holliston, MA, USA), containing lactic acid (LA) (Sigma-Aldrich, St. Louis,
MO, USA) or sodium lactate (NaL) (Alfa Aesar, Haverhill, MA, USA) at the concentrations of 10 mM,
15 mM, and 20 mM. The pH levels of the media were measured. In addition, pDCs and T lymphocytes
were cultured in RPMI 1640 medium supplemented with 10% FBS (Biochrom GmbH, Holliston, MA,
USA), titrated to pH ≈ 7.4, 7.0, 6.5, 6.0, and 5.5 using HCl. A total of 20 ng/mL human IL-3 (Miltenyi
Biotec, Bergisch Gladbach, Germany) was added to the pDC culture medium.

pDCs were treated with 1 µM of the BRAF Inhibitor PLX4032 (Selleck Biochem, Houston, TX),
with or without 12.5 µM of the MEK inhibitor U0126 (Merck Millipore, Darmstadt, Germany), and the
0.2% of DMSO in RPMI 1640 medium was used as vehicle control.

pDCs were stimulated with 5 µg/mL of R848 or IMQ (Invivogen) and 6 µg/mL of CpG-ODN 2216
(Miltenyi-Biotec) for 2 h and 6 h. Brefeldin A (1 µg/mL, Sigma-Aldrich, St. Louis, MO, USA) was
added after 1 h and 4 h, respectively.

4.5. Flow-Cytometric Analysis

Fluorescence minus one (FMO) was used to set the marker for positive cells. A baseline fluorescence
control was used as a reference to set the fluorescence thresholds for positivity. The results were
expressed as the percentage of positive cells. For measurement of the spectral overlaps, the fluorescence
detected on all measurement channels was evaluated for single-labelled “compensation control”
samples prior to the performed flow cytometryanalysis.

For whole blood staining, 200 µL of whole blood was incubated with a panel of
fluorochrome-conjugated antibodies (panel #1 reported in Table S5) for 15 min in the dark at 4 ◦C. Red
blood cells were lysed and leukocytes were fixed by adding FACS Lysing Solution (BD Bioscience,
San Jose, CA, USA) following the manufacturer’s instructions. A minimum of 2 × 105 PBMCs
were acquired according to the forward light scatter versus side light scatter profile, and doublet
discrimination was performed. The gating strategy is reported in Figure S4. Samples were processed
on FACS Canto II system (Becton Dickinson, San Jose, CA, USA).

The purified cell viability assay was performed using Pacific Blue or APC Annexin V/SYTOX
AADvanced Apoptosis Kit, for flow cytometry (Thermo Fisher Scientific, Waltham, MA, USA),
following the manufacturer’s instructions. Briefly, this assay identifies the early apoptotic cells as
annexin V+/SYTOX AADvanced- and late apoptotic/necrotic cells as annexin V+/SYTOX AADvanced+.
Samples were processed on MACS Quant Citofluorimeter (Miltenyi-Biotec). Results were analyzed by
FlowJo X software (Tree Star Inc, Ashland, Wilmington, NC, USA).

For the evaluation of IFN-α and CXCL10 intracellular production, PBMCs and purified
pDCs, stimulated as described above, were surface labelled with anti-BDCA-2 and anti-CD123
fluorochrome-conjugated antibodies. Subsequently, cells were fixed and permeabilized using the
Inside Stain Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and the intracellular cytokine labelling
was performed using anti IFN-α and anti-CXCL10/IP-10 fluorochrome-conjugated antibodies (panel
#2 reported in Table S5). Samples were processed on MACS Quant Citofluorimeter (Miltenyi Biotec,
Bergisch Gladbach, Germany). Results were analysed by FlowJo X software (Tree Star Inc, Wilmington,
NC, USA).

455



Cancers 2020, 12, 2085

4.6. Statistical Analysis

Patient characteristics were described at therapy initiation (T0). Categorical variables were
reported as absolute frequencies and percentages and were compared across groups using the
Fisher’s exact test. Continuous variables were expressed as median and interquartile range (IQR).
The Wilcoxon–Mann–Whitney test and the Kruskal–Wallis test were used to compare variable
distributions across two and more than two subgroups of patients, respectively. The association
between the peripheral blood immune cell frequencies and tumor burden at T0 among MM patients was
evaluated using the Spearman’s rank correlation coefficient. Peripheral blood leukocyte populations
were measured at 1 month (T1) and at 4 months (T2) after therapy initiation (T0) in the group of MM
patients that were BRAF-mutated. Changes in the peripheral blood leukocyte frequencies at 1 month
(T1–T0) and at 4 months (T2–T0) were tested using the Wilcoxon signed-rank test. All patients were
followed up after T0. Two endpoints (disease progression and death) were used to calculate the PFS
and OS probability, respectively. PFS was defined as the time interval between T0 and the date of
identification of progressive disease; OS was defined as the time interval between T0 and the date
of death. Survival curves were calculated using Kaplan–Meier method, and differences in survival
between subgroups of patients were tested using the log-rank test. For continuous variables, subgroups
were defined using the median value as cut-off. Univariate Cox proportional hazard model were fitted
to evaluate the role of the peripheral blood leukocyte populations and other established prognostic
factors on the considered outcomes. Multivariable regression models were used to adjust the estimates
for molecular profile and stage of the disease. The hazard ratios (HR), 95% confidence intervals (CI),
and p-values from a Wald test were reported. The two-sample paired sign test and two-sample paired
or unpaired Student’s t-test were used to compare groups from in vitro experiments. A two-tailed
p-value < 0.05 was considered statistically significant.

The statistical analysis was performed using STATA 15 (StataCorp. 2017. Stata Statistical Software:
Release 15. College Station, TX: StataCorp LLC.) or GraphPad Prism Software version 5 (GraphPad
Software, San Diego, CA, USA).

5. Conclusions

In conclusion, pDCs from MM patients are severely impaired in their frequency and function.
Findings emerged here suggest a relevant role for melanoma metabolism promoting lactic acidosis.
In BRAFV600+ MM, short-term treatment is not associated to a full pDC recovery; however, TLR-9
agonists as adjuvant remain a valid therapeutic strategy for a proficient pDC activation. Monitoring
the pDC compartment and functions might represent a clinically relevant tool for the selection of MM
cases, which likely benefit from TLR-9 agonists as a completion of their treatment plan.
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Antibodies used for flow cytometry.
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Abstract: Worldwide, the total incidence of cutaneous melanoma is higher in men than in women,
with some differences related to ethnicity and age and, above all, sex and gender. Differences exist in
respect to the anatomic localization of melanoma, in that it is more frequent on the trunk in men and
on the lower limbs in women. A debated issue is if—and to what extent—melanoma development
can be attributed to gender-specific behaviors or to biologically intrinsic differences. In the search
for factors responsible for the divergences, a pivotal role of sex hormones has been observed,
although conflicting results indicate the involvement of other mechanisms. The presence on the X
chromosome of numerous miRNAs and coding genes playing immunological roles represents another
important factor, whose relevance can be even increased by the incomplete X chromosome random
inactivation. Considering the known advantages of the female immune system, a different cancer
immune surveillance efficacy was suggested to explain some sex disparities. Indeed, the complexity
of this picture emerged when the recently developed immunotherapies unexpectedly showed better
improvements in men than in women. Altogether, these data support the necessity of further studies,
which consider enrolling a balanced number of men and women in clinical trials to better understand
the differences and obtain actual gender-equitable healthcare.

Keywords: melanoma; sex/gender; sex-hormones; immunity; microRNAs; immunotherapy

1. Introduction

Melanoma is the most aggressive type of skin cancer, at present accounting for 1% of total cancer
deaths in Italy. For a long time, only the surgical resection of early lesions was associated with
long-term survival in more than 90% of patients, whereas advanced melanomas were mostly incurable.
Although in the last decades a steadily increasing incidence of cutaneous melanoma was observed
worldwide, an important 18% decrease in mortality was recently associated with improved knowledge
of biological data and the introduction of novel therapeutic approaches, melanoma reduction being the
highest among the other major cancers [1].

The incidence and mortality rate of the disease differ widely across the globe depending on the
country of residence, ethnicity, and socioeconomic conditions and, chiefly, access to early detection and
primary care [2]. It is also of note that incidence gradually decreases going from Northern to Southern
Italy [1].

An additional key variable in melanoma is gender, in that a female advantage has been generally
reported. Among the younger Italian population (under 50 years old), melanoma represents the 2nd
most frequent tumor in men and the 3rd in women, the risk of developing this type of cancer during the
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life course being 1:66 and 1:85, respectively. In both sexes, the incidence is rising, with a 4.4% increase
in men and a 3.1% increase in women per year. In 2019, 12,300 new cases were expected, with little
prevalence in males [1].The mechanisms underlying gender disparity in melanoma development
are not clear enough. Lifestyles play a role, with ultraviolet exposure representing an important
risk factor, as women are more interested in sun exposure and tanning [3]. Conversely, males are
generally less likely to engage in preventive behaviors [4] or to self-detect their melanomas [5]. Indeed,
a different readiness of detection might be associated with the gender body-site distribution being
primary melanomas more truncal in males and localized on the lower extremities in females. Thus,
also an earlier diagnosis can partly explain the better survival rate of women.

As for the histological features, although thicker and ulcerated tumors were more frequently
observed in men, these elements do not seem responsible for the unfavorable prognosis compared to
women [6]. A large part of the female survival advantage could be explained with lower dissemination,
resulting in a reduction in both lymph nodes and distant metastases when compared with males [7],
and even after spreading to a visceral organ, a better prognosis seems to persist for women [8].

Looking for genetic differences, it is important to note that in women, the random—and sometimes
incomplete—inactivation of one X chromosome in each single cell leads to mosaicism, and in turn,
to the advantages associated with female genetic heterogeneity [9].

A significantly higher number of missense mutations was found among men with a mutational
load ratio Men-to-Women of 1.85. Although the number of mutations is lower in melanoma female
patients, their presence appears more relevant for increasing the overall survival, suggesting the
functional pressure of the more efficient female immune system [10]. Furthermore, a study conducted
in a Hispanic population identified several Single Nucleotide Polymorphisms (SNPs) differently
associated with pigmentation, sun tolerance and melanoma risk in a sex-related manner [11].

Sex hormones play a fundamental role, as several studies demonstrated the association of estrogen
and estrogen receptor expressions with melanoma survival in women. Notably, the female immune
system is more efficient than the male one, and women mount both innate and adaptive immune
responses stronger than men do. This higher effectiveness on the one hand is an advantage against
infectious diseases and cancers, while on the other, it makes women more prone to autoimmune
diseases [12].

Here we report the main disparities between men and women in an attempt to understand the
sex- or gender-related effects on melanoma development, progression and response to therapy. We also
speculate on the regulatory function possible played by miRNA that affects sex differences in melanoma
pathogenesis at hormonal and immune levels.

2. Sex Steroid Hormone Receptors in Melanoma

Sex hormones belong to the steroid hormone family, mainly synthesized by the adrenal cortex and
gonads, and in minor part by several peripheral tissues, such as the skin. In fact, starting from blood
precursors or mobilizing cholesterol from cellular stores, the skin is able to produce several biologically
active steroids, such as estrogens, testosterone (T) and dihydrotestosterone (DHT) [13]. Of course,
the endocrine function of the skin becomes of particular relevance in men and in postmenopausal
women, when almost all estrogens are made through the extraglandular conversion of androgens
into estrogens. Estrogens exert their biological effects by binding to and activating two members
of the nuclear steroid receptor superfamily, the estrogen receptor α (ERα) and β (ERβ), as well as
the more recently discovered G protein-coupled estrogen receptor (GPER). While both genomic and
non-genomic pathways have been described for the signaling activities of ERs, GPER is believed
to mediate a rapid and non-genomic response upon hormone binding. Estrogens regulate the
growth and differentiation of normal and several neoplastic tissues (such as breast, ovarian and
endometrial tumors). Indeed, in cancer growth, ERs exert the opposite effects, ERα being pro- and
ERβ anti-proliferative [14]. It is believed that cutaneous ER levels are generally higher in women
than in men [15,16]. Some immunohistochemical analyses indicated that in melanocytic nevi and
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malignant melanoma cells, ERβ was present but ERα was not [17,18], even if both ERα and ERβ
mRNAs were found in several melanocytic lesions [19]. Indeed, the presence or not of ERα either
in primary or in metastatic melanoma is an unresolved issue. Downmodulation of this receptor
has been shown to be under epigenetic control and appears to be directly proportional to disease
progression [20]. In this perspective, the detection of hypermethylated ERα in melanoma patient
sera was proposed as a predictive marker of bio-chemo-therapy response, thus becoming a negative
prognostic factor [20]. Noteworthy, ERα is also able to synergize with the insulin-like growth factor
1 receptor (IGF1R) in response to 17β-estradiol (E2) and IGF1 stimuli, as showed in the MCF7 breast
cancer cell line [21]. A recent work on melanoma shows the presence of one SNP in IGF1 and another
in IGF1R, likely associated with increased risk or protective effect, respectively, especially in men.
In line with this, the possible role of ESR1 SNPs in melanoma requires further investigation [22].
Conversely ERβ expression is inversely correlated with Breslow thickness, the most important and
independent predictive marker of melanoma [16]. According to the survival advantage of female
melanoma patients, men show significantly lower levels of ERβ in both melanoma and healthy
tissues [16]. A more recent study on melanoma survival ratios from the Human Protein Atlas and
The Cancer Genome Atlas Genomic Data Commons (GDC) showed that while low ERβ expression
was associated with shortened relapse-free survival (RFS), ERα and GPER were not [23]. Concerning
in vitro studies, several melanoma cell lines express ERβ, irrespective of genetic background [24].
GPER is also expressed in melanoma [25] its co-expression with ERβ being associated with better
outcomes, especially in pregnancy-associated melanoma [26]. The nuclear receptor superfamily also
includes the androgen receptor (AR), consisting of α and β isoforms encoded by a gene located on the X
chromosome [27]. AR respond to androgenic hormones by using the same genomic and non-genomic
pathway of ERs and evoking similar effects [28]. Although less studied than ERs, the expression of AR
was assessed in several melanoma cell lines and in human metastatic specimens, where high receptor
levels were detected [29]. Concerning progesterone (P), to date, different receptors (PRs) that are able
to activate both genomic and non-genomic pathways have been identified [27]. Since melanocytic
lesions seem to change during pregnancy, several attempts have been made to associate PR expression
to melanoma course in pregnant and in non-pregnant women, without reaching definitive results [30].

3. Female Hormone Activity

A large body of evidence supports the beneficial role played by estrogens against melanoma
progression. Epidemiological studies have pointed out how menarche and menopause with
consequent changes in the endogenous estrogen exposure can influence melanoma risk [31]. However,
the persistence of female benefit in older postmenopausal women is an unresolved issue due to
conflicting results published over time [32–34]. Controversial data were reported for exogenous
estrogens, such as oral contraceptive [35] and hormone-replacement therapy (HRT). Concerning the
latter point, some European cohort studies recently showed an increased risk in melanoma associated
with use of HRT [36–40], whereas others did not [31,41]. Likewise, the attempt to associate pregnancy
with melanoma outcomes did not reach conclusive results [42,43].

In melanoma cell lines, in vitro response to 17β-estradiol (E2) treatment produced different effects
on either proliferation or invasion ability [44–46]. In other reports, only in vivo mouse models (Figure 1,
left) were able to show the estrogenic capability to contrast disease progression. As demonstrated
in athymic nude mice, the same melanoma cell line unresponsive to estradiol treatment in vitro
displayed significantly reduced growth in castrated mice treated with 17-β estradiol pellets, suggesting
other possible indirect hormone actions [47]. A growing interest in the use of 2-methoxyestradiol
(2ME2), a non-toxic endogenous metabolite of E2, highlighted its ability to block the human melanoma
cell-cycle, inducing apoptosis both in vitro [48] and in male severe combined immunodeficient (SCID)
mouse models [49]. Sex-related differences in metastasis formation were principally observed in the
liver, the organ mainly active in estrogen conversion into 2ME2 [50]. This was in perfect agreement
with results previously observed in SCID mice where, as a consequence of intrasplenic injection of ER
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positive human melanoma cells, a greater number of metastases was observed in the male liver than
in that of the female [51]. Indeed, the estrous cycle of female mice could also affect the capability of
B16 melanoma cells to metastasize in different organs [52]. More recently, the antiproliferative and
cytotoxic effects of 2ME2 were shown in melanoma cells with different genetic backgrounds, as well as
in the counterparts resistant to either BRAFi (v-raf murine sarcoma viral oncogene homolog B1) or the
BRAFi+MEKi (Mitogen-Activated Protein Kinase Kinase) combination [53].
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Figure 1. Schematic overview of some representative in vivo studies supporting the hormonal
involvement in melanoma disease. (Left) Evidences of female hormonal treatments in in vivo mice
models. E2 treatment of castrated mice s.c. injected with ER positive melanoma cells reduces tumor
growth [47]. 2ME2 treatment of SCID mice, previously intrasplenically injected with melanoma cells,
decreases primary tumor growth and liver metastasis number [49]. Treatment of melanoma cells
with GPER agonist affects tumor growth in host mice improving response to immunotherapy [54].
Administration of the ERβ agonist LY500307 in female mice, previously i.v. injected with melanoma
cells, decreases lung nodules [55]. Oral administration of TAM [56] and EDX [57] exert inhibitory effects
on tumor metastatization into the mouse lungs. (Right) AR action is responsible for the increased
number of lung metastases through the miR-539-3p/USP13/MITF/AXL axis [58], whereas AR blockade
mediates an increase in the immune response [59]. T loss in castrated male mice causes a decrease in the
anti-tumor neutrophil function [60]. E2: 17β-estradiol; 2-ME2: 2-methoxyestradiol; TAM: Tamoxifen;
EDX: endoxifen; USP13: ubiquitin specific peptidase 13; MITF: microphthalmia-associated transcription
factor; AXL: receptor tyrosine kinase AXL; T: testosterone. s.c. subcutaneous, i.v. intravenous.

Besides hormones and their metabolites, several natural and synthetic compounds with different
affinities to ERs and divergent activities, i.e., agonist/antagonist, were tested in vitro and in vivo.
It is worth remembering the ERβ agonist diarylpropionitrile (DPN) efficacy in inhibiting NRAS
(Neuroblastoma RAS Viral Oncogene Homolog)-mutated melanoma cell proliferation [24], as well as
many specific ERβ agonists of natural origin able to exert an antitumor function in different human
melanoma cell lines in vitro and in vivo [61]. Recently, the synthetic non-steroidal estrogen and
selective ERβ agonist LY500307 showed the capability to suppress melanoma lung metastasis in the B16
murine melanoma in vivo model by up-regulating innate immunity in a tumor microenvironment [55].
Tamoxifen (TAM), widely used for the treatment of both early and advanced breast cancer, belongs
to the selective estrogen receptor modulator (SERM) class of drugs acting on the ERs [62]. TAM’s
effectiveness in melanoma treatment is due to the discordant data derived from both in vitro and
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in vivo studies. Numerous results have described SERM-dependent inhibition of melanoma cell
proliferation, suggesting the possible involvement of IGF1R inactivation [63] as well as the reduction of
invasion and metastasis through the inhibition of protein kinase C (PKC) downstream pathways [56].
Unfortunately, the activity of TAM against melanoma progression is extremely poor in vivo [64], unless
combined treatments with chemotherapy are considered. In the latter condition, a better response to
chemotherapy treatment was observed in advanced melanoma, with female patients being more likely
to respond, albeit with increased toxicity and a doubtful survival advantage [65]. TAM’s clinical efficacy,
at least in part, depends on its metabolization in the liver, resulting in variable concentrations of active
metabolites in the patient plasma. Therefore, to induce melanoma cell death in vitro, endoxifen (EDX),
a metabolite of TAM that is safer and has more cytostatic activity than the parent drug has been used [66].
Furthermore, EDX orally administered in mice for four weeks reduced lung metastatic nodules without
any side effects [57]. Another reason for different epidemiological evidence in TAM’s effectiveness could
lie in its possible different and tissue-related effects on the two estrogen receptors, similarly to E2 [67,68].
The recent GPER inclusion among TAM-responsive receptors in melanoma further complicated the
scenario [25]. Several studies described the ability of GPER to react with E2 and its specific agonist G-1
to evoke a suppressive action against melanoma progression [25,69,70]. In addition, GPER’s ability
to make melanoma more vulnerable to immune-mediated eradication upon hormone treatment was
reported [54]. Several in vitro studies showed the concentration-dependent progesterone activity on
several human melanoma cell line growth, adhesion and migration abilities [71–75]. According to these
in vitro results, repeated pregnancies inhibited the development of genetically defined BRAF-driven
human melanocytic xenografts when compared with non-pregnant females [54].

4. Male Hormone Activity

A large body of evidence supported AR involvement in melanoma incidence and progression,
although a clear correlation between AR expression in melanoma and bad prognosis is lacking. Many
reports demonstrated AR involvement in melanoma growth and invasion in vitro [44,76] and in vivo
(Figure 1, right), eventually involving immune response blockage [59]. A recent work conducted
on a small number of patients correlated AR-positive melanoma patients with worse survival when
compared to those AR negative [58]. In this study, AR was shown to induce miR-539-3p expression
that, targeting ubiquitin-specific peptidase 13 (USP13), abolished its de-ubiquitination activity on
the microphthalmia-associated transcription factor (MITF) and determined the induction of the
receptor tyrosine kinase AXL, with a consequent increase in metastases [58]. AR has been recently
involved in other specific molecular pathways, for example its recruitment by the SRA-like long
non-coding RNA (SLNCR) to the early growth response 1 (EGR1)-bound chromatin loci to repress
p21 expression [77]. Furthermore, the activation of the non-genomic pathway, via the combination
of the epidermal growth factor receptor (EGFR) and AR, enhanced AR activity itself and modified
the melanoma-associated antigen protein-A11 (MAGE-A11), improving melanoma proliferation [28].
Another study described a decreased AR level in several tumors, including melanoma, when compared
to the normal tissue counterparts, and with intratumoral receptor levels higher in males than in females.
In contrast to most literature data on melanoma, high AR protein expression levels were associated
with increased overall survival (OS) and progression-free survival (PFS) [78]. Recently, testosterone
levels also gained some relevance as a possible cause of increased melanoma incidence in aging males.
Multiple syngeneic metastatic mouse models demonstrated the importance of testosterone signaling
on neutrophil maturation and function, since castration or androgen inhibition significantly increased
melanoma burden [60].

5. Sex and Immunity

In the early stages of development, a high immunogenic phenotype characterizes melanomas, thus
providing an ideal cancer model to understand the complex cross talk between tumors and immune
cells and to give a possible explanation to sex differences in the host immune response. A scientific
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breakthrough in oncology research has been the recognition of immune system participation in
the initiation, progression and, in some cases, the resolution of melanoma. Moreover, the recent
introduction of the immune checkpoint inhibitors (ICI) in the therapeutic plan for melanoma patients
has certified the crucial role of immunity in anticancer therapy, highlighting sex disparities [12,79–81].
Immunological sex differences concern both innate and adaptive immune responses and are influenced
by either sex hormones or different specific genetic backgrounds between males and females [12].
In general, estrogens exert an immune-enhancing effect, contrasting to the immune-suppressive one
of testosterone. Many different cell types express estrogen receptors (α and β ERs) (i.e., epithelial
cells, lymphoid tissues and immune cells) that allow estrogen binding and signal activation [82–84].
Direct implication of estrogen-dependent effects on innate immunity have been recently evidenced in a
syngeneic mouse model of melanoma where in vivo studies showed that the estrogen agonist erteberel,
activating the ERβ signaling, was capable of augmenting innate immunity and suppressing lung
metastatic colonization by recruitment of antitumor neutrophils to the metastatic niche [55]. On the
contrary, castration in male mice led to an increased autoimmune response by the induction of the
major histocompatibility complex II (MHCII) [85]. Moreover, estrogens enhanced the expression of
MHCII on dendritic cells (DCs), while testosterone decreased it [86].

The E2/ERα axis plays a pivotal role in controlling functional responses of DC subgroups, and it
is responsible for the epigenetic regulation in DC precursors, driving their differentiation also by
modulating Interferon I (IFN-I) secretion [87]. In melanoma, DCs of tumor microenvironment act by
modulating T cell activity and take part in the immune infiltration, which is considered an indicator of
immune-therapy response [88]. In addition, a specific subgroup of DCs, named Langerhans’ cells and
belonging to the skin immune system (SIS), is regulated by ERβ signaling [89,90]. Among the DC cells,
the plasmacytoid DCs (pDCs) display major differences between women and men, their activity being
under control of the E2/ERα axis and the X- linked Toll -like receptor 7 (TLR7) [91,92]. TLR7 belongs to
the Toll-like receptor signaling and participates in the innate response against microbial infectious,
favoring a better response in female association with a higher IFNα production [93]. The TLR signaling
is an important autoregulatory mechanism that maintains tissue homeostasis, whose members are
expressed on various skin cells, such as keratinocytes and melanocytes [94]. In particular, melanocytes
express TLR 2-5 and TLR7, 9 and 10 [95]. Recent literature data evidenced their implication both in
melanoma and non-melanoma skin cancer in supporting the immune escape [96–98]. Indeed, TLR
agonists, targeting TLR7, 8, and 9, have been described as successful treatment options for melanoma
and basal cell carcinoma (BCC), enhancing DC recruitment and T cell responses [99–101]. It is also
important to note that several X chromosome genes take part in the innate immune function [102–106].

During the acute inflammatory response, the phagocytic activities of neutrophils and macrophages
as well as the microbial killing by reactive oxygen species (ROS) are more efficient in females than
in males. This female advantage has been also shown among melanoma patients. Melanoma cells
exhibited significantly higher oxidative stress and produced larger amounts of ROS when compared
to melanocytes and surrounding normal tissue [107]. ROS stimulated melanoma progression and
metastatization through a number of changes, including (i) DNA modification, (ii) cell proliferation,
(iii) tissue remodeling, (iv) immune surveillance escape, (v) pro-metastatic processes activation [108,109].
Malorni and colleagues demonstrated that males express lower levels of anti-oxidants, such as
glutathione (GSH), catalase and superoxide dismutase (SOD) when compared to females, thus exhibiting
a higher rate of oxidative stress [110,111]. Looking at the systemic influence of ROS on the metastatic
phase of melanoma, a “ROS-sex issue” could be another reason for the differences eventually resulting
in lower male survival rates [112–114].

In humans, natural killer cells (NKs) express both ERs and PRs, but not AR. Female hormones
promote the induction of IFNγ, secretion of granzyme B and favor caspase-dependent apoptosis. In spite
of these apparently contradictory data, male subjects exhibit a higher number of NK cells [12]. NKs
participate in the first line of response against melanoma. One of the mechanisms used by melanoma
for avoiding the CD8+ T cell antitumor action is the downregulation of MHC I. This reduction should
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support the removal of melanoma cells due to the capability of NKs to recognize and specifically
eliminate cells expressing low levels of MHC I. Therefore, NKs appear a good target population for
melanoma immune therapy [115–117].

The activation of adaptive immune responses has been demonstrated to counteract melanoma
progression, metastatic spreading and therapy-related resistance. Two main different groups of
melanoma-associated antigens have been characterized: (i) antigens expressed by normal and malignant
melanocytes (as Gp100, tyrosinase, Melan-A and the isoform of tyrosinase-related protein, TRP-2
(INT2), and (ii) cancer testis antigens mainly expressed by transformed cells, such as melanoma
antigen-1 (MAGE-A1), the highly immunogenic tumor antigen NY-ESO-1, and the preferentially
expressed antigen of melanoma (PRAME) [118–122]. Female antigen-presenting cells (APCs) are more
efficient than the male ones in both the presentation and initiation of a secondary response in primed
lymphocytes. Indeed, androgen treatment of female mice reduced the efficiency of APC function,
while estrogens exalted this function [123,124].

E2 concentration is considered the central rheostat for different adaptive immune response
regulations: low E2 concentration induces Th1 response and cell mediated immunity, while high E2
concentration favors Th2 response and humoral immunity.

Beyond the hormonal role, an additional explanation supporting sex differences in the immune
system is the different genetic background, as females carry two X chromosomes and males just one.
A mechanism to re-equilibrate gene expression is the random inactivation of one X copy in each
female cell, thus making every woman a mosaic for X-linked expression [125]. An advantage of
female mosaicism is the possibility to tolerate gene mutations responsible for X-linked diseases that
severely affect males, such as those named X-linked primary immune deficiencies [126]. Furthermore,
a percentage proximal to 15% of X-linked regions fails inactivation in women and, consequently,
some genes in these regions might display a level of expression double than men [9]. It is important to
highlight the presence of a high number of genes with immunological function on the X chromosome,
possibly underlying not only the higher female immune response to infections, but also a positive effect
on the anticancer immune responses. Among these genes, we can ascribe the Interleukin 2 Receptor
Subunit Gamma (IL2Rγ) chain, the Interleukin 3 Receptor Subunit Alpha (IL3Rα) chain, and the
Interleukin 13 Alpha (IL13α) chain, GATA-binding protein 1 (GATA1), Forkhead Box P3 (Foxp3) and
CD40 Ligand (CD40L) [127]. On the contrary, this more reactive immune system, increasing female
susceptibility to develop autoimmune disorders, represents a disadvantage [128,129].

Sex differences in lymphocyte subsets, including B cells, CD4+ and CD8+ T cells, have been
demonstrated among adults. Females have a higher CD4+ T cell count and a higher CD4/CD8 ratio
than age-matched males; whereas males have a higher CD8+ T cell frequency [130,131]. Studies in
humans suggested a higher number of T regulatory cells (Treg) in healthy adult males compared to
females, although some conflictual results regarding Treg frequency were reported [132].

Wesa and colleagues demonstrated that female melanoma patients have a high frequency of CD4+

TAA (tumor-associated antigen)-specific T cells compared to male patients, and that these cells are
more prone to express an apoptotic phenotype in the presence of active disease [133]. The increase in
and/or improved functions of tumor-specific T-helper (Th) cells could be a biological response to these
differences due to it being involved in anti-tumoral responses [134].

In recent years, in the immunological context of tumor biology, the immune checkpoint
inhibitors emerged as promising therapeutic targets in different cancers, including melanoma [135].
The relationship between PD-1 and sex hormones recently emerged, despite the fact that data literature
offered limited in vivo studies and conflicting results. Different data demonstrated that PD-1 is able to
respond to sex steroids and that the hormone-mediated effect on PD-1 signaling might influence the
regulation of autoimmune diseases [136]. In addition, estrogenic hormones were capable to modulate
the programmed cell death ligand 1 (PD-L1) and B7-costimulatory molecules. Due to its contribution to
immune evasion and induction of T regulatory cells, B7-H1 was associated with cells with pro-tumoral
activity [137–139]. Lin and colleagues demonstrated that sexual hormones, in particular estrogens,
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modulated the Treg-linked B7-H1 immune suppression function. In a B7-H1 KO mouse model, female
mice showed a better response to a B16 murine melanoma cell injection because a reduced Treg
activation allowed a strong antitumor response when compared to males. Finally, in the same model,
E2-mediated inhibition of the Treg function reduced primary tumor growth in female mice when
compared to their male counterparts [140]. These results should induce a more careful estimation
of sex differences in immune response and a sex-based interpretation of the therapeutic plans for
anticancer immunotherapy (Figure 2).
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Figure 2. Key gender-related differences of the immune cell populations involved in melanoma.
This representative picture shows the main immune cell populations present with higher frequencies
in males (i.e., CD8+, Treg and NK cells [12,123–125]) (left) and in female patients (i.e., the immune
phenotype enriched in TAA-T cells, CD4+ and DCs cells [80,123,124,126] with higher levels of circulating
Interferon I (IFN I) and IFN γ [80,84,85]) (right). NK: natural killer; TAA: tumor-associated antigen;
DCs: dendritic cells.

6. Sex Differences and MiRNAs

The sex-linked differences affecting regulatory pathways in melanoma pathogenesis and the
associated immune responses are further controlled by the emerging interaction between these
functional signals and miRNA-specific epigenetic regulation. In these two decades of studies,
microRNAs resulted as major post-transcriptional modulators of gene expression. In their mature form,
miRNAs are 19–25 nucleotide long single strand RNAs, generally expressed in all cell types. A great
number of works have described miRNA biogenesis and transcriptional regulation, and we refer to
them for detailed explanation [141–143]. The high number of targets for a single miRNA and the
capability of more than one miRNA to effectively repress the same gene result in complex and pleiotropic
regulatory effects on cell physiology. MiRNAs regulate numerous cellular pathways and their alteration
in pathological conditions determines a strong dysregulation of these pathways. In fact, in cancer
pathogenesis, miRNAs can act as either oncosuppressors or oncogenes [144,145]. Of note, different
tumors as well as diverse stages in the same cancer type display specific miRNA signatures [146].
In melanoma, specific expression profiles characterizing differences in disease progression, mutational
state, as well as miRNA “facilitators” of drug resistance have been described [147].

Several studies, mainly in breast cancer, have demonstrated the direct correlation between miRNA
expression and sexual hormones [148]. The miRNA-dependent regulation by direct targeting of ER
mRNA at its 3’UTR and, vice versa, the capability of estrogen-specific pathways to modulate miRNA
expression have been described and strictly depend on the specific activated receptors [149–151].
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In melanoma, the effect of E2 treatment on miRNA expression and, more in general, their real functional
link remain essentially unknown. Nonetheless, the elucidation of miRNA and ER-functional networks
might help to understand some controversial aspects of female survival advantage compared to
male survival in initial phases of melanoma development, or the reduction in these advantages
in postmenopausal women when female estrogenic concentration vertically declines [32,34]. It is
here important to consider that melanoma could be classified among the hormone-sensitive tumors
according to complex overlapping actions played by estrogens and androgens, particularly by the
opposite effects of α and β estrogen receptors (ER) [28]. Some functional parallelisms with miRNAs
controlled by the estrogenic action in breast cancer might help to understand if some miRNA alterations
in melanoma might be under hormonal control. An important example is the feedback loop involving
the miR-221 and -222 cluster and ERα in breast cancer. A regulatory circuitry exists on one side based
on the direct interaction of ERα with the estrogen receptor-binding site in the promoter region of
miR-221&222 to induce their expression [152], on the other side on miR-221&222 direct targeting of
ERα. Indeed, these two miRNAs and ERα are negatively related [153].

In breast cancer, miR-221 and -222 overexpression, and in turn ERα reduction, were shown to
trigger cancer cell proliferation and invasion [154]. Furthermore, the miR-221 and -222-dependent
decreased expression of ERα reduced cell sensitivity to the tamoxifen endocrine therapy, favoring
resistance and eventually exacerbating malignant progression of disease. Accordingly, xenograft
tumors treated with a specific antagomir, the down-modulating of miR-221 and -222 expression
removed this effect [155]. Although the possible estrogenic regulation of miR-221 and- 222 expression
in melanoma progression remains to be defined, the roles and regulation of these two miRNAs have
been deeply studied. Similarly, to breast cancer, melanoma progression and spread require miR-221
and -222 expression, while ERα expression is lost. At least six target genes were revealed, including
p27Kip1, tyrosine-protein kinase Kit (c-KIT), ETS proto-oncogene 1 (ETS-1), AP-1 transcription factor
subunit (c-FOS), Activating enhancer binding Protein 2 α (AP2α) and Stearoyl-CoA Desaturase 5
(SCD5), all with direct or indirect tumor suppressor roles according to the central roles of miR-221 and
-222 in melanoma proliferation and dissemination [156–160].

Thanks to the high number of miRNAs present on the X chromosome (approximately 120 miRNAs)
compared to both autosomes and mainly to the Y chromosome (at present only 4 miRNAs), X-linked
miRNAs might have a role in sex differences evocated in melanoma immune response. Potentially,
miRNAs might escape dosage compensation in association with the genomic co-localized genes
evading X inactivation [161,162]. Indeed, a sex different susceptibility to cancer development concerns
different solid tumors, with males in some cases at higher risk compared to females [163–165]. Several
miRNAs involved in hematopoietic lineage differentiation and in pathological conditions play a role
in chronic inflammation as a predisposing factor in the onset and progression of cancer [166,167].
Thus, it might be relevant to consider the possible functional interconnections between X-linked
miRNAs and immune responses underlying sex differences in melanoma (see Figure 3).

Once more, miR-221 and -222 are the most studied X-located oncomiRs that result in
strongly deregulated different forms of cancer, including breast cancer, prostate cancer, liver
cancer, bladder cancer, thyroid cancer, glioblastoma and melanoma [168]. Their important role
and sex-related modulation was assessed in cardiovascular diseases where miR-222 indirectly reduced
the endothelial nitric oxide synthase formation through ETS-1 targeting in cardiac vascular cells [169].
The ETS-1-miR-222 circuitry was also associated with melanoma progression, miR-222 induction
being strictly dependent on the constitutive ETS-1 phosphorylation and compartmentalization in
metastatic tumors and ETS1 directly targeted by miR-222 [157]. In hematopoiesis, miR-221 and -222
were shown to reduce differentiation of the embryonic hematopoietic progenitor cells because of their
direct targeting of c-KIT mRNA [170]. We imagine that increased miR-221 and -222 levels, representing
either melanoma cell-intrinsic or immune system-extrinsic factors, can contribute via exosome release
to disease progression [171–173].
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10; RUNX3: Runt-related transcription factor 3; IKKα: Inhibitory-KB Kinase α; STAT3: Signal 
Transducer and Activator of Transcription 3; MEF2C: Myocyte Enhancer Factor 2C; C/EBPβ: 
CCAAT/enhancer-Binding Protein β; E2F1: E2F transcription factor 1; FOXO1: Forkhead Box protein 
O1; NF1-A: Nuclear Factor 1 A; Wnt-16: Wnt family member 16; AKT1: AKT serine/threonine kinase 
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The miR-17-92 cluster includes 15 miRNAs organized in three paralogue groups on different 
chromosomes. Among them, the miR-106-363 paralogues are localized on the X chromosome and 
include six miRNAs (miR-106a,-18b,-20b,-19b2, -92-2and -363). Due to sequence similarity, genomic 
organization and functional connections, these miRNAs are further organized in a different family, 
named miR-17, -18, -19 and -92. All were designated with oncogenic potential in different forms of 
cancer [174]. Mainly, the miR-17 family was linked to melanoma progression and individuated in 
non-responders or patients expressing high levels of PD-L1 and resistance to BRAF/ MEK inhibitors 
[147,175]. In addition, miR-106a and miR-363 play a role in the immune regulation by controlling 
lymphocyte development. When overexpressed, these miRNAs act as oncogenes and are strongly 
implicated in T cell leukemia development by targeting myosin regulatory light chain-interacting 
protein (Mylip), retinoblastoma-binding protein 1-like (Rbp1-like), and homeodomain-interacting 
protein kinase 3 (Hipk3) [176]. In melanoma, miR-363-3p was indicated in the targeting of the 
inhibitor of cell cycle progression of cyclin-dependent kinase inhibitor 1A (CDKN1A). This targeting 
was associated with the parallel expression of Hif-1α and the acquisition of stemness features on 
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Figure 3. X-linked miRNA mapping and key roles in melanoma development and progression.
Schematic depiction of miRNA localization on the human X chromosome: miRNAs with a confirmed role
in melanoma pathogenesis are shown. Red writing inside boxes indicate miRNAs, target genes (italics)
and their downstream oncogenic effects; green writing indicates those with oncosuppressive functions.
PAR1 and 2: pseudoautosomal region 1 and 2; p27Kip1: cyclin-dependent kinase inhibitor 1B; ETS-1:
ETS proto-oncogene 1; SCD5: Stearoyl-CoA Desaturase 5; SWI-SNF: Switch/Sucrose Non-Fermentable;
STAT: Signal Transducer and Activator of Transcription; IL-6 and 10: Interleukin 6 and 10; RUNX3:
Runt-related transcription factor 3; IKKα: Inhibitory-KB Kinase α; STAT3: Signal Transducer and
Activator of Transcription 3; MEF2C: Myocyte Enhancer Factor 2C; C/EBPβ: CCAAT/enhancer-Binding
Proteinβ; E2F1: E2F transcription factor 1; FOXO1: Forkhead Box protein O1; NF1-A: Nuclear Factor 1 A;
Wnt-16: Wnt family member 16; AKT1: AKT serine/threonine kinase 1; CDKN1A: Cyclin-Dependent
Kinase Inhibitor 1A; Rbp1-like: Retinol Binding Protein 1-like; Hipk3: Homeodomain-Interacting
Protein Kinase 3.

The miR-17-92 cluster includes 15 miRNAs organized in three paralogue groups on different
chromosomes. Among them, the miR-106-363 paralogues are localized on the X chromosome
and include six miRNAs (miR-106a,-18b,-20b,-19b2,-92-2 and -363). Due to sequence similarity,
genomic organization and functional connections, these miRNAs are further organized in a
different family, named miR-17,-18,-19 and -92. All were designated with oncogenic potential in
different forms of cancer [174]. Mainly, the miR-17 family was linked to melanoma progression
and individuated in non-responders or patients expressing high levels of PD-L1 and resistance
to BRAF/ MEK inhibitors [147,175]. In addition, miR-106a and miR-363 play a role in the immune
regulation by controlling lymphocyte development. When overexpressed, these miRNAs act as
oncogenes and are strongly implicated in T cell leukemia development by targeting myosin
regulatory light chain-interacting protein (Mylip), retinoblastoma-binding protein 1-like (Rbp1-like),
and homeodomain-interacting protein kinase 3 (Hipk3) [176]. In melanoma, miR-363-3p was indicated
in the targeting of the inhibitor of cell cycle progression of cyclin-dependent kinase inhibitor 1A
(CDKN1A). This targeting was associated with the parallel expression of Hif-1α and the acquisition of
stemness features on melanoma cells as specified by CD133, CD271, Jarid1B, and Nanog expression [177].

Tumor-infiltrating myeloid cells are immature tumor-infiltrating cells of hematopoietic origin
that favor cancer progression by a mechanism of immune suppression described in the breast and in
melanoma. The myeloid-derived suppressive cells were also crucial for the metastatic niche formation,
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inducing expression of factors with an invasive-promoting action. Different X-linked miRNAs have
been described to have a role in this suppressive mechanism. The more studied is miR-223, which
when overexpressed, reduced maturation of the granulocytic cell lineage that regulates the Mef2c
transcription factor necessary for myeloid progenitor proliferation, and it acted as negative modulator
of inflammatory responses in animal models [178,179]. MiR-223 is highly expressed in melanoma. In a
mouse model of melanoma metastasis, miR-223 in association with miR-21, miR-29a and miR-142-3p,
was demonstrated to support the reprogramming of tumor-infiltrating myeloid cells and the acquisition
of pro-metastatic and angiogenic properties [180].Validated targets for miR-223, during inflammation,
include granzyme B, Inhibitory-KB Kinase α (IKKα), Roquin and Signal Transducer and Activator of
Transcription 3 (STAT3), while cancer-associated targets include CCAAT/enhancer-Binding Protein
β (C/EBPβ), E2F transcription factor 1 (E2F1), Forkhead Box I A (FOXO1) and Nuclear Factor I A
(NFI-A) [181].

MiR-532-5p is upregulated in primary and metastatic melanoma cell lines and in tumor samples.
This upregulation was associated with down-modulation of its target Runt-related transcription
factor 3 (RUNX3), a member of the runt-related family of genes that are known as developmental
transcriptional regulators. These genes are important in the progression of a variety of human cancers
and are involved in the differentiation program of normal tissues [182]. It is interesting to note that
RUNX proteins regulated the transcription of the MDR1 gene in cytotoxic CD8+ lymphocytes and
NK cells. The MDR1 protein was required for the accumulation of cytotoxic T lymphocytes (CTL)
cells after acute viral infections or in the protective function of memory-T cells following microbial
challenge. In view of this new research, the counterproductive effect of the MDR1 inhibition as an
anticancer therapeutic strategy was suggested. In this new context, miR-532-5p-dependent epigenetic
regulation might be co-responsible for the reduction of tumor-infiltrating CD8+ cells in the tumor
microenvironment [183].

Among other X-linked miRNAs, miR-374, part of the human miR-374 family, down-regulates
tyrosinase expression and reduces melanoma malignancy by attenuation of WNT signaling,
thus promoting melanoma cell apoptosis in a mouse model of melanoma [184]. In a combined
expression profile, the miR-374 family was found upregulated in monocytes and granulocytes vs.
progenitor cells, while in the immune context, miR-374b was up-regulated in peripheral blood where
T cells targeted Wnt-16 and AKT1 [185,186]. Finally, several X-linked miRNAs contributing to the
melanoma-associated immune regulation act by modulating the Toll-like receptor-mediated responses.
Indeed, the development of agonists for the TLR signal has been evocated to trigger new therapeutic
strategies for the induction of anticancer immune response [187]. An interesting example is miR-98.
This miRNA is down-modulated in melanoma progression where it plays a negative feedback loop
with the pro-inflammatory IL6 [188], but it also acts as a regulator of IL10 expression in response to
microbial infection or after lipopolysaccharide (LPS) stimulation [189]. Furthermore, miR-221 and -222
oncomiRs, besides a number of other functions, participate in the regulation of TLR response-inducing
tolerance to microbial infection essentially through TNFα (Tumor Necrosis Factor α) degradation by
regulation of Switch/Sucrose Non-Fermentable (SWI/SNF) and Signal Transducer and Activator of
Transcription (STAT) [190]. It is important to underline the parallelism between TLR and miR-221 and
-222 functions whose expressions might contribute to the increased immune impairment evidenced in
melanoma patients eventually favoring tumor metastatization.

7. Sex Differences and Response to Therapies

Starting from Clark’s observation in 1969, melanoma seemed less malignant in women than in
men [191]. Since then, many other large studies confirmed this result, reporting a 20–30% female
advantage worldwide. A recent study based on a patient cohort of approximately 16.000 stage II–IV
cutaneous melanoma patients confirmed the female advantage in melanoma survival by using the
latest prognostic staging system for risk stratification [192].
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Moving forward, in regard to the relevance of sex and gender in clinical research, we should
start from considering the underrepresentation of women in clinical trials. At present, despite many
invitations for inclusion of a balanced number of men and women, no significant improvements were
obtained and women, particularly in the initial phases of the studies, still represent 20–25% of the
total [193].

In addition, even when a significant number of women are enrolled, often data are not properly
stratified for the analyses [194,195]. In accordance with the sex and gender equity in research (SAGER)
guidelines, differences between men and women should be always considered in the evaluation
of response to therapies, toxicities and outcomes [196]. More important, in Italy, the Law 3/2018,
particularly article 1, specifically includes the concept of gender medicine in clinical trials for human
medicinal products, highlighting the importance of a gender-specific approach [197]. On this basis,
we should expect to see some gradual progress in the near future, starting from the point that that men
and women are not the same [198].

In the last few years, melanoma therapeutic approaches showed a rapid evolution with the main
goal of increasing clinical efficacy and the duration of responses. The first promising result was
obtained by targeted therapy against the activating mutations of BRAF, present in 40–60% of cutaneous
melanomas with a similar distribution among men and women [199,200]. Major benefits were achieved
with the combination of BRAF and MEK inhibitors in order to avoid the so-called “paradoxical
activation” of the MAPK pathway downstream to BRAF [201,202]. More recently, important results
were obtained through the inhibition of some molecules involved in T cell suppression. In particular,
the impairment of CTLA-4, PD-1 or PDL-1 functions through the immune checkpoint inhibitors (ICIs)
gave impressive responses in several types of cancers, including metastatic melanoma [203]. Although
some sex differences were observed in the efficacy of more traditional therapies [204], according to
the known disparities in the immune system with women sustaining stronger responses [12], it was
reasonable to expect diverse sex-associated anti-tumor effects of ICIs [205]. In fact, in the initial studies
in proper in vivo models, immune checkpoint inhibitors were more effective in female mice than in
their male counterparts [140]. Conversely, in human clinical trials, unexpected better outcomes were
shown in men. Several meta-analyses evidenced this result in cancer-randomized clinical trials treated
with ICIs, initially suggesting a more evident benefit associated with the anti-CTLA4 treatment for
males vs. females [206]. Looking for a higher statistical power, an elevated number of patients (>11,000)
was analyzed as part of 20 randomized controlled trials based either on CTLA-4 or PD-1 inhibitors.
Results confirmed and extended the increased efficacy of immunotherapy in men vs. women [80].
Many hypotheses can be proposed to explain these disparities, including the sex-related differences of
the immune system at baseline conditions, as indicated by the higher number of CD8+ T lymphocytes
and the lower CD4+/CD8+ ratio in males than in females [12]. In addition, the higher amount of Treg
cells in men, the subpopulation preferentially depleted by anti-CTLA-4 antibodies, could play a role in
the different responses, subsequently producing a more significant male benefit [207].

It is important to note that the results associated with ICI plus chemotherapy appear different,
giving more benefits to women than to men. This might possibly depend on the chemotherapy-derived
increase in the mutational load of tumors, their antigenicity and the stronger immune response of
women [10]. The complexity is further augmented by disparities between the ICI agents, for example,
the anti-CTLA4 antibodies being more sex-related than the anti-PD-1 ones. Indeed, sex-related
differences seem more relevant to overall survival in melanoma patients than in other cancers [208,209].

Another intriguing result reported the association between obesity and outcomes in male metastatic
melanoma patients treated with targeted or immunotherapies. In men, a high BMI was associated with
a doubled survival time, whereas this result was not detected in women. One explanation might be
that obesity in men results in higher levels of estrogens due to aromatase activity converting androgens
into estrogens [210]. A role might be also played by the sex hormone-binding globulin (SHBG),
a glycoprotein acting as a transporter of testosterone and estradiol in plasma. SHBG is inversely
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associated with obesity, displaying gender-associated differences. Indeed, women have higher levels
of SHBG when compared to men, and SHBG amounts are further reduced in obese men [211].

To conclude, it is important to note that even in adverse events, some sex-related differences
can be observed. Generally, women have more adverse reactions to chemotherapy than men, which
might derive from differences in the pharmacokinetics and pharmacodynamics of the drugs [212].
Furthermore, worst might be the expected risks of severe symptomatic adverse effects experienced by
women after immunotherapy due to their stronger immune responses [213,214]. Nonetheless, because
of the short follow up of immunotherapy, some discrepancy still exist in regard to this point [215].

Altogether, these data strongly support the relevance of balanced enrolment of men and women in
clinical trials in order to consistently confirm differences, evaluating disparities between populations,
ages, and sites [216]. Sex and/or gender represent a variable to consider in order to obtain impartial
approaches, selecting the best therapeutic option with the lowest adverse effect for each person.

8. Conclusions

The increment of data on the pathogenic mechanisms made melanoma finally attackable also in its
metastatic phase by target therapy and, more recently, by immunotherapy. However, many shadows
persist that need to be dissipated. Among them, the mechanisms underlying sex and/or gender
differences represent a key point requiring further studies. Epidemiological data confirm female
advantages in both incidence and mortality, and these differences are present in all the analyzed racial
and ethnic groups. Although disparities can be partly ascribed to different gender-related behaviors,
recent results indicate biological variations, including genetic and epigenetic aspects, as key players.

An important action might depend on X chromosome regulation. The random inactivation of
one of the two X chromosomes in women, together with the possibility of some X-regions escaping
this regulation, surely contribute to female benefits. In addition, the X chromosome is enriched with
both coding and regulatory non coding genes, - such as miRNAs, playing immunological functions.
The complex crosstalk among different cells of the tumor microenvironment and the influence of the
hormone regulatory signals on these cells might affect immunotherapy response, with a profound
impact on results. Therefore, evaluating gender variance and connecting these aspects will improve
patient stratification and assist in tailoring the provided healthcare to the individual patient.

Funding: This work was in part supported by The Italian Association for Cancer Research (IG18815 to AC) and
by The Italian Ministry of Health.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Italian Association of Medical Oncology (AIOM); Italian Association of Tumor Registries (Airtum).
The Numbers of Cancer in Italy 2019. Available online: http://www.salute.gov.it/portale/news/p3_2_
1_1_1.jsp?lingua=italiano&menu=notizie&p=dalministero&id=3897 (accessed on 4 July 2020).

2. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F.
Estimating the global cancer incidence and mortality in 2018: GLOBOCAN sources and methods. Int. J. Cancer
2019, 144, 1941–1953. [CrossRef] [PubMed]

3. Holman, D.M.; Ding, H.; Guy, G.P.; Watson, M.; Hartman, A.M.; Perna, F.M. Prevalence of sun protection use
and sunburn and association of demographic and behaviorial characteristics with sunburn among US adults.
JAMA Dermatol. 2018, 154, 561–568. [CrossRef] [PubMed]

4. Courtenay, W.H. Behavioral Factors Associated with Disease, Injury, and Death among Men: Evidence and
Implications for Prevention. J. Men Stud. 2000, 9, 81–142. [CrossRef]

5. Paddock, L.E.; Lu, S.E.; Bandera, E.V.; Rhoads, G.G.; Fine, J.; Paine, S.; Barnhill, R.; Berwick, M. Skin
self-examination and long-term melanoma survival. Melanoma Res. 2016, 26, 401–408. [CrossRef]

475



Cancers 2020, 12, 1819

6. Joosse, A.; Collette, S.; Suciu, S.; Nijsten, T.; Lejeune, F.; Kleeberg, U.R.; Coebergh, J.W.; Eggermont, A.M.;
de Vries, E. Superior outcome of women with stage I/II cutaneous melanoma: Pooled analysis of four
European organization for research and treatment of cancer phase III trials. J. Clin. Oncol. 2012, 30, 2240–2247.
[CrossRef] [PubMed]

7. Joosse, A.; de Vries, E.; Eckel, R.; Nijsten, T.; Eggermont, A.M.; Hölze, L.D.; Coebergh, J.W.; Engel, J. Munich
Melanoma Group. Gender Differences in Melanoma Survival: Female Patients Have a Decreased Risk of
Metastasis. J. Investig. Dermatol. 2011, 131, 719–726. [CrossRef] [PubMed]

8. Joosse, A.; Collette, S.; Suciu, S.; Nijsten, T.; Patel, P.M.; Keilholz, U.; Eggermont, A.M.; Coebergh, J.W.;
de Vries, E. Sex is an independent prognostic indicator for survival and relapse/progression free-survival in
metastasized stage III to stage IV melanoma: A pooled analysis of five European organization for research
and treatment on cancer randomized controlled trials. J. Clin. Oncol. 2013, 31, 2337–2346. [CrossRef]

9. Balaton, B.P.; Dixon-McDougal, T.; Peeters, S.B.; Brown, C.J. The eXceptional nature of the X chromosome.
Hum. Mol. Genet. 2018, 27, R242–R249. [CrossRef]

10. Gupta, S.; Artomov, M.; Goggins, W.; Daly, M.; Tsao, H. Gender Disparity and Mutation Burden in Metastatic
Melanoma. J. Natl. Cancer Inst. 2015, 107, djv221. [CrossRef]

11. Hernando, B.; Ibarrola-Villava, M.; Fernandez, L.P.; Peña-Chilet, M.; Llorca-Cardeñosa, M.; Oltra, S.S.;
Alonso, S.; Boyano, M.D.; Martinez-Cadenas, C.; Ribas, G. Sex-specific genetic effects associated with
pigmentation, sensitivity to sunlight, and melanoma in a population of Spanish origin. Biol. Sex Differ. 2016,
7, 17. [CrossRef]

12. Klein, S.L.; Flanagan, K.L. Sex differences in immune responses. Nat. Rev. Immunol. 2016, 16, 626–638.
[CrossRef]

13. Slominski, A.; Zbytek, B.; Nikolakis, G.; Manna, P.R.; Skobowiat, C.; Zmijewski, M.; Li, W.; Janjetovic, Z.;
Postlethwaite, A.; Zouboulis, C.C.; et al. Steroidogenesis in the skin: Implications for local immune functions.
J. Steroid Biochem. Mol. Biol. 2013, 137, 107–123. [CrossRef] [PubMed]

14. Jia, M.; Dahlman-Wright, K.; Gustafsson, J.Å. Estrogen receptor alpha and beta in health and disease.
Best Pract. Res. Clin. Endocrinol. Metab. 2015, 29, 557–568. [CrossRef]

15. Zhou, J.H.; Kim, K.B.; Myers, J.N.; Fox, P.S.; Ning, J.; Bassett, R.L.; Hasanein, H.; Prieto, V.G.
Immunohistochemical expression of hormone receptors in melanoma of pregnant women, nonpregnant
women, and men. Am. J. Derm. 2014, 36, 74–79. [CrossRef]

16. De Giorgi, V.; Gori, A.; Gandini, S.; Papi, F.; Grazzini, M.; Rossari, S.; Simoni, A.; Maio, V.; Massi, D. Oestrogen
receptor beta and melanoma: A comparative study. Br. J. Dermatol. 2013, 168, 513–519. [CrossRef]

17. Ohata, C.; Tadokoro, T.; Itami, S. Expression of estrogen receptor beta in normal skin, melanocytic nevi and
malignant melanomas. J. Dermatol. 2008, 35, 215–221. [CrossRef]

18. Schmidt, A.N.; Nanney, L.B.; Boyd, A.S.; King, L.E., Jr.; Ellis, D.L. Oestrogen receptor beta expression in
melanocytic lesions. Exp. Dermatol. 2006, 15, 971–980. [CrossRef]

19. De Giorgi, V.; Mavilia, C.; Massi, D.; Gozzini, A.; Aragona, P.; Tanini, A.; Sestini, S.; Paglierani, M.;
Boddi, V.; Brandi, M.L.; et al. Estrogen receptor expression in cutaneous melanoma: A real-time reverse
transcriptase-polymerase chain reaction and immunohistochemical study. Arch. Dermatol. 2009, 145, 30–36.
[CrossRef]

20. Mori, T.; Martinez, S.R.; O’Day, S.J.; Morton, D.L.; Umetani, N.; Kitago, M.; Tanemura, A.; Nguyen, S.L.;
Tran, A.N.; Wang, H.J.; et al. Estrogen receptor-alpha methylation predicts melanoma progression. Cancer Res.
2006, 66, 6692–6698. [CrossRef]

21. Yu, Z.; Gao, W.; Jiang, E.; Lu, F.; Zhang, L.; Shi, Z.; Wang, X.; Chen, L.; Lv, T. Interaction between IGF-IR and
ER induced by E2 and IGF-I. PLoS ONE 2013, 8, e62642. [CrossRef]

22. Yuan, T.-A.; Yourk, V.; Farhat, A.; Guo, K.L.; Garcia, A.; Meyskens, F.L.; Liu-Smith, F. A Possible Link of
Genetic Variations in ER/IGF1R Pathway and Risk of Melanoma. Int. J. Mol. Sci. 2020, 21, 1776. [CrossRef]

23. Liu, M.; Du, Y.; Li, H.; Wang, L.; Ponikwicka-Tyszko, D.; Lebiedzinska, W.; Pilaszewicz-Puza, A.; Liu, H.;
Zhou, L.; Fan, H.; et al. Cyanidin-3-o-Glucoside Pharmacologically Inhibits Tumorigenesis via Estrogen
Receptor β in Melanoma Mice. Front. Oncol. 2019, 9, 1110. [CrossRef]

24. Marzagalli, M.; Casati, L.; Moretti, R.M.; Montagnani Marelli, M.; Limonta, P. Estrogen Receptor β Agonists
Differentially Affect the Growth of Human Melanoma Cell Lines. PLoS ONE 2015, 10, e0134396. [CrossRef]
[PubMed]

476



Cancers 2020, 12, 1819

25. Ribeiro, M.P.C.; Santos, A.E.; Custódio, J.B.A. The activation of the G protein-coupled estrogen receptor
(GPER) inhibits the proliferation of mouse melanoma K1735-M2 cells. Chem. Biol. Interact. 2017, 277, 176–184.
[CrossRef] [PubMed]

26. Fábián, M.; Rencz, F.; Krenács, T.; Brodszky, V.; Hársing, J.; Németh, K.; Balogh, P.; Kárpáti, S. Expression of
G protein-coupled oestrogen receptor in melanoma and in pregnancy-associated melanoma. J. Eur. Acad.
Derm. Venereol. 2017, 31, 1453–1461. [CrossRef]

27. Contrò, V.; Basile, J.R.; Proia, P. Sex steroid hormone receptors, their ligands, and nuclear and non-nuclear
pathways. AIMS Mol.Sci. 2015, 2, 294–310. [CrossRef]

28. Mitkov, M.; Joseph, R.; Copland, J., III. Steroid hormone influence on melanomagenesis. Mol. Cell. Endocrinol.
2015, 417, 94–102. [CrossRef]

29. Morvillo, V.; Lüthy, I.A.; Bravo, A.I.; Capurro, M.I.; Portel, P.; Calandra, R.S.; Mordoh, J. Androgen receptors
in human melanoma cell lines IIB-MEL-LES and IIB-MEL-IAN and in human melanoma metastases.
Melanoma Res. 2002, 12, 529–538. [CrossRef]

30. Still, R.; Brennecke, S. Melanoma in pregnancy. Obstet. Med. 2017, 10, 107–112. [CrossRef]
31. Donley, G.M.; Liu, W.T.; Pfeiffer, R.M.; McDonald, E.C.; Peters, K.O.; Tucker, M.A.; Cahoon, E.K. Reproductive

factors, exogenous hormone use and incidence of melanoma among women in the United States. Br. J. Cancer
2019, 120, 754–760. [CrossRef] [PubMed]

32. Kemeny, M.M.; Busch, E.; Stewart, A.K.; Menck, H.R. Superior survival of young women with malignant
melanoma. Am. J. Surg. 1998, 175, 437–444. [CrossRef]

33. Lasithiotakis, K.; Leiter, U.; Meier, F.; Eigentler, T.; Metzler, G.; Moehrle, M.; Breuninger, H.; Garbe, C. Age
and gender are significant independent predictors of survival in primary cutaneous melanoma. Cancer 2008,
112, 1795–1804. [CrossRef] [PubMed]

34. Mervic, L.; Leiter, U.; Meier, F.; Eigentler, T.; Forschner, A.; Metzler, G.; Bartenje, I.; Büttner, P.; Garbe, C. Sex
differences in survival of cutaneous melanoma are age dependent: An analysis of 7338 patients. Melanoma Res.
2011, 21, 244–252. [CrossRef]

35. Cervenka, I.; Mahamat-Saleh, Y.; Savoye, I.; Dartois, L.; Boutron-Ruault, M.C.; Fournier, A.; Kvaskoff, M.
Oral contraceptive use and cutaneous melanoma risk: A French prospective cohort study. Int. J. Cancer 2018,
143, 2390–2399. [CrossRef] [PubMed]

36. Botteri, E.; Støer, N.C.; Sakshaug, S.; Graff-Iversen, S.; Vangen, S.; Hofvind, S.; Ursin, G.; Weiderpass, E.
Menopausal hormone therapy and risk of melanoma: Do estrogens and progestins have a different role?
Int. J. Cancer 2017, 141, 1763–1770. [CrossRef] [PubMed]

37. Simin, J.; Tamimi, R.; Lagergren, J.; Adami, H.O.; Brusselaers, N. Menopausal hormone therapy and cancer
risk: An overestimated risk? Eur. J. Cancer 2017, 84, 60–68. [CrossRef]

38. Hicks, B.M.; Kristensen, K.B.; Pedersen, S.A.; Hölmich, L.R.; Pottegård, A. Hormone replacement therapy
and the risk of melanoma in post-menopausal women. Hum. Reprod. 2019, 34, 2418–2429. [CrossRef]

39. Botteri, E.; Støer, N.C.; Weiderpass, E.; Pukkala, E.; Ylikorkala, O.; Lyytinen, H. Menopausal Hormone Therapy
and Risk of Melanoma: A Nationwide Register-Based Study in Finland. Cancer Epidemiol. Biomark. Prev.
2019, 28, 1857–1860. [CrossRef]

40. Cervenka, I.; Rahmoun, M.A.; Mahamat-Saleh, Y.; Boutron-Ruault, M.C.; Fournier, A.; Kvaskoff, M.
Premenopausal Use of Progestogens and Cutaneous Melanoma Risk: A French Prospective Cohort Study.
Am. J. Epidemiol. 2019. [CrossRef]

41. Roh, M.R.; Eliades, P.; Gupta, S.; Grant-Kels, J.M.; Tsao, H. Cutaneous melanoma in women. Int. J.
Womens Dermatol. 2017, 3, S11–S15. [CrossRef]

42. Byrom, L.; Olsen, C.M.; Knight, L.; Khosrotehrani, K.; Green, A.C. Does pregnancy after a diagnosis of
melanoma affect prognosis? Systematic review and meta-analysis. Dermatol. Surg. 2015, 41, 875–882.
[CrossRef] [PubMed]

43. Kyrgidis, A.; Lallas, A.; Moscarella, E.; Longo, C.; Alfano, R.; Argenziano, G. Does pregnancy influence
melanoma prognosis? A meta-analysis. Melanoma Res. 2017, 27, 289–299. [CrossRef] [PubMed]

44. Richardson, B.; Price, A.; Wagner, M.; Williams, V.; Lorigan, P.; Browne, S.; Miller, J.G.; Mac Neil, S.
Investigation of female survival benefit in metastatic melanoma. Br. J. Cancer 1999, 80, 2025–2033. [CrossRef]
[PubMed]

45. Kanda, N.; Watanabe, S. 17beta-estradiol, progesterone, and dihydrotestosterone suppress the growth of
human melanoma by inhibiting interleukin-8 production. J. Investig. Dermatol. 2001, 117, 274–283. [CrossRef]

477



Cancers 2020, 12, 1819

46. Sarti, M.S.; Visconti, M.A.; Castrucci, A.M. Biological activity and binding of estradiol to SK-Mel 23 human
melanoma cells. Braz. J. Med. Biol. Res. 2004, 37, 901–905. [CrossRef]

47. Feucht, K.A.; Walker, M.J.; Das Gupta, T.K.; Beattie, C.W. Effect of 17 beta-estradiol on the growth of estrogen
receptor positive human melanoma in vitro and in athymic mice. Cancer Res. 1988, 48, 7093–7101.

48. Ghosh, R.; Ott, A.M.; Seetharam, D.; Slaga, T.J.; Kumar, A.P. Cell cycle block and apoptosis induction
in a human melanoma cell line following treatment with 2-methoxyostradiol: Therapeutic implications?
Melanoma Res. 2003, 13, 119–127. [CrossRef]

49. Dobos, J.; Timar, J.; Bocsi, J.; Burian, Z.; Nagy, K.; Barna, G.; Petak, I.; Ladanyi, A. In vitro and in vivo
antitumor effect of 2-Methoxyestradiol on human melanoma. Int. J. Cancer 2004, 112, 771–776. [CrossRef]

50. Dobos, J. Endocrine factors influencing melanoma progression. MagyOnkol 2009, 53, 47–50.
51. Ladányi, A.; Tímár, J.; Bocsi, J.; Tóvári, J.; Lapis, K. Sex-dependent liver metastasis of human melanoma lines

in SCID mice. Melanoma Res. 1995, 5, 83–86. [CrossRef]
52. Vantyghem, S.A.; Postenka, C.O.; Chambers, A.F. Estrous cycle influences organ-specific metastasis of B16F10

melanoma cells. Cancer Res. 2003, 63, 4763–4765. [PubMed]
53. Massaro, R.R.; Faião-Flores, F.; Rebecca, V.W.; Sandri, S.; Alves-Fernandes, D.K.; Pennacchi, P.C.;

Smalley, K.S.M.; Maria-Engler, S.S. Inhibition of proliferation and invasion in 2D and 3D models by
2-methoxyestradiol in human melanoma cells. Pharmacol. Res. 2017, 119, 242–250. [CrossRef] [PubMed]

54. Natale, C.A.; Li, J.; Zhang, J.; Dahal, A.; Dentchev, T.; Stanger, B.Z.; Ridky, T.W. Activation of G protein-coupled
estrogen receptor signaling inhibits melanoma and improves response to immune checkpoint blockade. eLife
2018, 7, e31770. [CrossRef] [PubMed]

55. Zhao, L.; Huang, S.; Mei, S.; Yang, Z.; Xu, L.; Zhou, N.; Yang, Q.; Shen, Q.; Wang, W.; Le, X.; et al.
Pharmacological activation of estrogen receptor beta augments innate immunity to suppress cancer metastasis.
Proc. Natl. Acad. Sci. USA 2018, 115, E3673–E3681. [CrossRef] [PubMed]

56. Matsuoka, H.; Tsubaki, M.; Yamazoe, Y.; Ogaki, M.; Satou, T.; Itoh, T.; Kusunoki, T.; Nishida, S. Tamoxifen
inhibits tumor cell invasion and metastasis in mouse melanoma through suppression of PKC/MEK/ERK and
PKC/PI3K/Akt pathways. Exp. Cell. Res. 2009, 315, 2022–2032. [CrossRef]

57. Chen, P.; Sheikh, S.; Ahmad, A.; Ali, S.M.; Ahmad, M.U.; Ahmad, I. Orally administered endoxifen inhibits
tumor growth in melanoma-bearing mice. Cell. Mol. Biol. Lett. 2018, 23, 3. [CrossRef]

58. Wang, Y.; Ou, Z.; Sun, Y.; Yeh, S.; Wang, X.; Long, J.; Chang, C. Androgen receptor promotes melanoma
metastasis via altering the miRNA-539-3p/USP13/MITF/AXL signals. Oncogene 2017, 36, 1644–1654.
[CrossRef]

59. Hsueh, E.C.; Gupta, R.K.; Lefor, A.; Reyzin, G.; Ye, W.; Morton, D.L. Androgen blockade enhances response
to melanoma vaccine. J. Surg. Res. 2003, 110, 393–398. [CrossRef]

60. Markman, J.L.; Porritt, R.A.; Wakita, D.; Lane, M.E.; Martinon, D.; Noval Rivas, M.; Luu, M.; Posadas, E.M.;
Crother, T.R.; Arditi, M. Loss of testosterone impairs anti-tumor neutrophil function. Nat. Commun. 2020,
11, 1613. [CrossRef]

61. Marzagalli, M.; Montagnani Marelli, M.; Casati, L.; Fontana, F.; Moretti, R.M.; Limonta, P. Estrogenreceptor β
in melanoma: From molecularinsights to potentialclinical utility. Front. Endocrinol. (Lausanne) 2016, 7, 140.
[CrossRef]

62. Shagufta; Ahmad, I. Tamoxifen a pioneering drug: An update on the therapeutic potential of tamoxifen
derivatives. Eur. J. Med. Chem. 2018, 143, 515–531. [CrossRef] [PubMed]

63. Kanter-Lewensohn, L.; Girnita, L.; Girnita, A.; Dricu, A.; Olsson, G.; Leech, L.; Nilsson, G.; Hilding, A.;
Wejde, J.; Brismar, K.; et al. Tamoxifen-induced cell death in malignant melanoma cells: Possible involvement
of the insulin-like growth factor-1 (IGF-1) pathway. Mol. Cell. Endocrinol. 2000, 165, 131–137. [CrossRef]

64. Lens, M.B.; Reiman, T.; Husain, A.F. Use of tamoxifen in the treatment of malignant melanoma. Cancer 2003,
98, 1355–1361. [CrossRef] [PubMed]

65. Beguerie, J.R.; Xingzhong, J.; Valdez, R.P. Tamoxifen vs. non-tamoxifen treatment for advanced melanoma:
A meta-analysis. Int. J. Dermatol. 2010, 49, 1194–1202. [CrossRef] [PubMed]

66. Ribeiro, M.P.; Santos, A.E.; Custódio, J.B. Rethinking tamoxifen in the management of melanoma: New
answers for an old question. Eur. J. Pharmacol. 2015, 764, 372–378. [CrossRef]

478



Cancers 2020, 12, 1819

67. Madeira, M.; Mattar, A.; Logullo, A.F.; Soares, F.A.; Gebrim, L.H. Estrogen receptor alpha/beta ratio
and estrogen receptor beta as predictors of endocrine therapy responsiveness-a randomized neoadjuvant
trial comparison between anastrozole and tamoxifen for the treatment of postmenopausal breast cancer.
BMC Cancer 2013, 13, 425. [CrossRef]

68. Horner-Glister, E.; Maleki-Dizaji, M.; Guerin, C.; Johnson, S.; Styles, J.; White, I. Influence of oestradiol and
tamoxifen on oestrogen receptors-α and -β protein degradation and non-genomic signalling pathways in
uterine and breast carcinoma cells. J. Mol. Endocrinol. 2005, 35, 421–432. [CrossRef]

69. Sun, M.; Xie, H.F.; Tang, Y.; Lin, S.Q.; Li, J.M.; Sun, S.N.; Hu, X.L.; Huang, Y.X.; Shi, W.; Jian, D.
G protein-coupled estrogen receptor enhances melanogenesis via cAMP-protein kinase (PKA) by upregulating
microphthalmia-related transcription factor-tyrosinase in melanoma. J. Steroid Biochem. Mol. Biol. 2017, 165,
236–246. [CrossRef]

70. Natale, C.A.; Duperret, E.K.; Zhang, J.; Sadeghi, R.; Dahal, A.; O’Brien, K.T.; Cookson, R.; Winkler, J.D.;
Ridky, T.W. Sex steroids regulate skin pigmentation through nonclassical membrane-bound receptors. eLife
2016, 5, e15104. [CrossRef]

71. Fang, X.; Zhang, X.; Zhou, M.; Li, J. Effects of Progesterone on the Growth Regulation in Classical Progesterone
Receptor-negative Malignant Melanoma Cells. J. Huazhong Univ. Sci. Technol. Med. Sci. 2010, 30, 231–234.
[CrossRef]

72. Ramaraj, P.; Cox, J.L. In vitro effect of progesterone on human melanoma (BLM) cell growth. Int. J. Clin.
Exp. Med. 2014, 7, 3941–3953.

73. Leder, D.C.; Brown, J.R.; Ramaraj, P. In-vitro rescue and recovery studies of human melanoma (BLM) cell
growth, adhesion and migration functions after treatment with progesterone. Int. J. Clin. Exp. Med. 2015, 8,
12275–12285.

74. Ramaraj, P.; Cox, J. In-Vitro Effect of Sex Steroids on Mouse Melanoma (B16F10) Cell Growth. CellBio 2014, 3,
60–71. [CrossRef]

75. Moroni, G.; Gaziano, R.; Buè, C.; Agostini, M.; Perno, C.F.; Sinibaldi-Vallebona, P.; Pica, F. Progesterone and
Melanoma Cells: An Old Story Suspended between Life and Death. J. Steroids Horm. Sci. 2015, S13, 158.

76. Morvillo, V.; Luthy, I.A.; Bravo, A.I.; Capurro, M.I.; Donaldson, M.; Quintans, C.; Calandra, R.S.; Mordoh, J.
Atypical androgen receptor in the human melanoma cell line IIB-MEL-J. Pigment Cell Res. 1995, 8, 135–141.
[CrossRef]

77. Schmidt, K.; Carroll, J.S.; Yee, E.; Thomas, D.D.; Wert-Lamas, L.; Neier, S.C.; Sheynkman, G.; Ritz, J.;
Novina, C.D. The lncRNA SLNCR Recruits the Androgen Receptor to EGR1-Bound Genes in Melanoma and
Inhibits Expression of Tumor Suppressor p21. Cell Rep. 2019, 27, 2493–2507. [CrossRef] [PubMed]

78. Hu, C.; Fang, D.; Xu, H.; Wang, Q.; Xia, H. The androgen receptor expression and association with patient’s
survival in different cancers. Genomics 2020, 112, 1926–1940. [CrossRef]

79. Clocchiatti, A.; Cora, E.; Zhang, Y.; Dotto, G.P. Sexual dimorphism in cancer. Nat. Rev. Cancer 2016, 16,
330–339. [CrossRef]

80. Conforti, F.; Pala, L.; Bagnardi, V.; De Pas, T.; Martinetti, M.; Viale, G.; Gelber, R.D.; Goldhirsch, A. Cancer
immunotherapy efficacy and patients’ sex: A systematic review and meta-analysis. Lancet Oncol. 2018, 19,
737–746. [CrossRef]

81. Wallis, C.J.D.; Butaney, M.; Satkunasivam, R.; Freedland, S.J.; Patel, S.P.; Hamid, O.; Pal, S.K.; Klaassen, Z.
Association of PatientSex With Efficacy of Immune Checkpoint Inhibitors and Overall Survival in Advanced
Cancers: A Systematic Review and Meta-analysis. JAMA Oncol. 2019, 5, 529–536. [CrossRef]

82. Khan, D.; Ansar Ahmed, S. The ImmuneSystem Is a Natural Target for Estrogen Action: Opposing Effects of
Estrogen in Two Prototypical Autoimmune Diseases. Front. Immunol. 2016, 6, 635. [CrossRef] [PubMed]

83. Kovats, S. Estrogen receptors regulate innate immune cells and signaling pathways. Cell Immunol. 2015, 294,
63–69. [CrossRef]

84. Pierdominici, M.; Maselli, A.; Colasanti, T.; Giammarioli, A.M.; Delunardo, F.; Vacirca, D.; Sanchez, M.;
Giovannetti, A.; Malorni, W.; Ortona, E. Estrogen receptor profiles in human peripheral blood lymphocytes.
Immunol. Lett. 2010, 132, 79–85. [CrossRef] [PubMed]

85. Behrens, M.; Trejo, T.; Luthra, H.; Griffiths, M.; David, C.S.; Taneja, V. Mechanism by which HLA-DR4
regulates sex-bias of arthritis in humanized mice. J. Autoimmun. 2010, 35, 1–9. [CrossRef]

86. Kovats, S.; Carreras, E. Regulation of dendritic cell differentiation and function by estrogen receptor ligands.
Cell Immunol. 2008, 252, 81–90. [CrossRef] [PubMed]

479



Cancers 2020, 12, 1819

87. Capone, I.; Marchetti, P.; Ascierto, P.A.; Malorni, W.; Gabriele, L. Sexual Dimorphism of Immune Responses:
A New Perspective in Cancer Immunotherapy. Front. Immunol. 2018, 9, 552. [CrossRef] [PubMed]

88. Barry, K.C.; Hsu, J.; Broz, M.L.; Cueto, F.J.; Binnewies, M.; Combes, A.J.; Nelson, A.E.; Loo, K.; Kumar, R.;
Rosenblum, M.D.; et al. A naturalkiller-dendriticcell axis defines checkpoint therapy-responsive tumor
microenvironments. Nat. Med. 2018, 24, 1178–1191. [CrossRef]

89. De Giorgi, V.; Gori, A.; Grazzini, M.; Rossari, S.; Scarfì, F.; Corciova, S.; Verdelli, A.; Lotti, T.; Massi, D.
Estrogens, estrogen receptors and melanoma. Expert Rev. Anticancer Ther. 2011, 11, 739–747. [CrossRef]

90. Krahn-Bertil, E.; Dos Santos, M.; Damour, O.; Andre, V.; Bolzinger, M.A. Expression of estrogen-related
receptor beta (ERRβ) in human skin. Eur. J. Dermatol. 2010, 20, 719–723.

91. Seillet, C.; Laffont, S.; Trémollières, F.; Rouquié, N.; Ribot, C.; Arnal, J.F.; Douin-Echinard, V.; Gourdy, P.;
Guéry, J.C. The TLR-mediated response of plasmacytoid dendritic cells is positively regulated by estradiol
in vivo through cell-intrinsic estrogen receptor α signaling. Blood 2012, 119, 454–464. [CrossRef]

92. Laffont, S.; Rouquié, N.; Azar, P.; Seillet, C.; Plumas, J.; Aspord, C.; Guéry, J.C. X-Chromosome complement
and estrogen receptor signaling independently contribute to the enhanced TLR7-mediated IFN-α production
of plasmacytoid dendritic cells from women. J. Immunol. 2014, 193, 5444–5452. [CrossRef] [PubMed]

93. Berghöfer, B.; Frommer, T.; Haley, G.; Fink, L.; Bein, G.; Hackstein, H. TLR7 Ligands Induce Higher IFN-alpha
Production in Females. J. Immunol. 2006, 177, 2088–2096. [CrossRef] [PubMed]

94. Song, P.I.; Park, Y.M.; Abraham, T.; Harten, B.; Zivony, A.; Neparidze, N.; Armstrong, C.A.; Ansel, J.C.
Human keratinocytes express functional CD14 and toll-like receptor 4. J. Investig. Dermatol. 2002, 119,
424–432. [CrossRef]

95. Jin, S.H.; Kang, H.Y. Activation of Toll-like Receptors 1, 2, 4, 5, and 7 on Human Melanocytes Modulate
Pigmentation. Ann. Dermatol. 2010, 22, 486–489. [CrossRef] [PubMed]

96. Goto, Y.; Arigami, T.; Kitago, M.; Nguyen, S.L.; Narita, N.; Ferrone, S.; Morton, D.L.; Irie, R.F.; Hoon, D.S.
Activation of Toll-like receptors 2, 3, and 4 on human melanoma cells induces inflammatory factors.
Mol. Cancer Ther. 2008, 7, 3642–3653. [CrossRef]

97. Saint-Jean, M.; Knol, A.C.; Nguyen, J.M.; Khammari, A.; Dréno, B. TLR expression in human melanoma cells.
Eur. J. Dermatol. 2011, 21, 899–905. [CrossRef]

98. Mittal, D.; Saccheri, F.; Vénéreau, E.; Pusterla, T.; Bianchi, M.E.; Rescigno, M. TLR4-mediated skin
carcinogenesis is dependent on immune and radioresistant cells. EMBO J. 2010, 29, 2242–2252. [CrossRef]

99. Hemmi, H.; Kaisho, T.; Takeuchi, O.; Sato, S.; Sanjo, H.; Hoshino, K.; Horiuchi, T.; Tomizawa, H.; Takeda, K.;
Akira, S. Small anti-viral compounds activate immune cells via the TLR7 MyD88-dependent signaling
pathway. Nat. Immunol. 2002, 3, 196–200. [CrossRef]

100. Stockfleth, E.; Trefzer, U.; Garcia-Bartels, C.; Wegner, T.; Schmook, T.; Sterry, W. The use of Toll-like receptor-7
agonist in the treatment of basal cell carcinoma: An overview. Br. J. Dermatol. 2003, 149, 53–56. [CrossRef]

101. Schön, M.P.; Schön, M. Immune modulation and apoptosis induction: Two sides of the antitumoral activity
of imiquimod. Apoptosis 2004, 9, 291–298. [CrossRef]

102. Stiff, A.; Trikha, P.; Wesolowski, R.; Kendra, K.; Hsu, V.; Uppati, S.; McMichael, E.; Duggan, M.; Campbell, A.;
Keller, K.; et al. Myeloid-Derived Suppressor Cells Express Bruton’s Tyrosine Kinase and Can Be Depleted in
Tumor-Bearing Hosts by IbrutinibTreatment. Cancer Res. 2016, 76, 2125–2136. [CrossRef] [PubMed]

103. Srivastava, R.; Geng, D.; Liu, Y.; Zheng, L.; Li, Z.; Joseph, M.A.; McKenna, C.; Bansal, N.; Ochoa, A.; Davila, E.
Augmentation of therapeutic responses in melanoma by inhibition of IRAK-1,-4. Cancer Res. 2012, 72,
6209–6216. [CrossRef]

104. Romano, S.; Xiao, Y.; Nakaya, M.; D’Angelillo, A.; Chang, M.; Jin, J.; Hausch, F.; Masullo, M.; Feng, X.;
Romano, M.F.; et al. FKBP51 employs both scaffold and isomerase functions to promote NF-κB activation in
melanoma. Nucleic Acids Res. 2015, 43, 6983–6993. [CrossRef]

105. Touil, Y.; Segard, P.; Ostyn, P.; Begard, S.; Aspord, C.; El Machhour, R.; Masselot, B.; Vandomme, J.; Flamenco, P.;
Idziorek, T.; et al. Melanoma dormancy in a mouse model is linked to GILZ/FOXO3A-dependent quiescence
of disseminated stem-like cells. Sci. Rep. 2016, 6, 30405. [CrossRef] [PubMed]

106. Aydin, E.; Johansson, J.; Nazir, F.H.; Hellstrand, K.; Martner, A. Role of NOX2-Derived Reactive Oxygen
Species in NK Cell-Mediated Control of Murine Melanoma Metastasis. Cancer Immunol. Res. 2017, 5, 804–811.
[CrossRef] [PubMed]

107. Sander, C.S.; Hamm, F.; Elsner, P.; Thiele, J.J. Oxidative stress in malignant melanoma and non-melanoma
skin cancer. Br. J. Dermatol. 2003, 148, 913–922. [CrossRef]

480



Cancers 2020, 12, 1819

108. Joosse, A.; De Vries, E.; van Eijck, C.H.; Eggermont, A.M.; Nijsten, T.; Coebergh, J.W. Reactive oxygen species
and melanoma: An explanation for gender differences in survival? Pigment Cell Melanoma Res. 2010, 23,
352–364. [CrossRef]

109. Obrador, E.; Liu-Smith, F.; Dellinger, R.W.; Salvador, R.; Meyskens, F.L.; Estrela, J.M. Oxidative stress and
antioxidants in the pathophysiology of malignant melanoma. Biol. Chem. 2019, 400, 589–612. [CrossRef]

110. Malorni, W.; Straface, E.; Matarrese, P.; Ascione, B.; Coinu, R.; Canu, S.; Galluzzo, P.; Marino, M.; Franconi, F.
Redox state and gender differences in vascular smooth muscle cells. FEBS Lett. 2008, 582, 635–642. [CrossRef]

111. Miller, A.A.; De Silva, T.M.; Jackman, K.A.; Sobey, C.G. Effect of gender and sex hormones on vascular
oxidativestress. Clin. Exp. Pharmacol. Physiol. 2007, 34, 1037–1043. [CrossRef]

112. Cheng, G.C.; Schulze, P.C.; Lee, R.T.; Sylvan, J.; Zetter, B.R.; Huang, H. Oxidative stress and
thioredoxin-interacting protein promote intravasation of melanoma cells. Exp. Cell Res. 2004, 300,
297–307. [CrossRef] [PubMed]

113. Nishikawa, M. Reactive oxygen species in tumor metastasis. Cancer Lett. 2008, 266, 53–59. [CrossRef]
[PubMed]

114. Offner, F.A.; Wirtz, H.C.; Schiefer, J.; Bigalke, I.; Klosterhalfen, G.; Bittinger, F.; Mittermayer, C.; Kirkpatrick, C.J.
Interaction of Human Malignant Melanoma (ST-ML-12) Tumor Spheroids with Endothelial Cell Monolayers.
Damage to Endothelium by Oxygen-Derived Free Radicals. Am. J. Pathol. 1992, 141, 601–610. [PubMed]

115. Mendez, R.; Aptsiauri, N.; Del Campo, A.; Maleno, I.; Cabrera, T.; Ruiz-Cabello, F.; Garrido, F.; Garcia-Lora, A.
HLA and melanoma: Multiple alterations in HLA class I and II expression in human melanoma cell lines
from ESTDAB cell bank. Cancer Immunol. Immunother. 2009, 58, 1507–1515. [CrossRef]

116. Garrido, F.; Algarra, I.; García-Lora, A.M. The escape of cancer from T lymphocytes: Immunoselection of
MHC class I loss variants harboring structural-irreversible “hard” lesions. Cancer Immunol. Immunother.
2010, 59, 1601–1606. [CrossRef]

117. Hölsken, O.; Miller, M.; Cerwenka, A. Exploiting natural killer cells for therapy of melanoma. J. Dtsch.
Dermatol. Ges. 2015, 13, 23–29. [CrossRef]

118. Castelli, C.; Rivoltini, L.; Andreola, G.; Carrabba, M.; Renkvist, N.; Parmiani, G. T-cell recognition of
melanoma-associated antigens. J. Cell. Physiol. 2000, 182, 323–331. [CrossRef]

119. Epping, M.T.; Bernards, R. A causal role for the human tumor antigen preferentially expressed antigen of
melanoma in cancer. Cancer Res. 2006, 66, 10639–10642. [CrossRef]

120. Lupetti, R.; Pisarra, P.; Verrecchia, A.; Farina, C.; Nicolini, G.; Anichini, A.; Bordignon, C.; Sensi, M.;
Parmiani, G.; Traversari, C. Translation of a retained intron in tyrosinase-related protein (TRP) 2 mRNA
generates a new cytotoxic T lymphocyte (CTL)-defined and shared human melanoma antigen not expressed
in normal cells of the melanocytic lineage. J. Exp. Med. 1998, 188, 1005–1016. [CrossRef]

121. Scanlan, M.J.; Gure, A.O.; Jungbluth, A.A.; Old, L.J.; Chen, Y.T. Cancer/testis antigens: An expanding family
of targets for cancer immunotherapy. Immunol. Rev. 2002, 188, 22–32. [CrossRef]

122. Passarelli, A.; Mannavola, F.; Stucci, L.S.; Tucci, M.; Silvestris, F. Immune system and melanoma biology:
A balance between immunosurveillance and immune escape. Oncotarget 2017, 8, 106132–106142. [CrossRef]

123. Spitzer, J.A. Gender differences in some host defense mechanisms. Lupus 1999, 8, 380–383. [CrossRef]
124. Weinstein, Y.; Ran, S.; Segal, S. Sex-associated Differences in the Regulation of Immune Responses Controlled

by the MHC of the Mouse. J. Immunol. 1984, 132, 656–661.
125. Orstavik, K.H. X chromosome inactivation in clinical practice. Hum. Genet. 2009, 126, 363–373. [CrossRef]
126. Migeon, B.R. The role of X inactivation and cellular mosaicism in women’s health and sex-specific diseases.

JAMA 2006, 295, 1428–1433. [CrossRef]
127. Libert, C.; Dejager, L.; Pinheiro, I. The X chromosome in immune functions: When a chromosome makes the

difference. Nat. Rev. Immunol. 2010, 10, 594–604. [CrossRef] [PubMed]
128. Tedeschi, S.K.; Bermas, B.; Costenbader, K.H. Sexual disparities in the incidence and course of SLE and RA.

Clin. Immunol. 2013, 149, 211–218. [CrossRef] [PubMed]
129. Ortona, E.; Pierdominici, M.; Maselli, A.; Veroni, C.; Aloisi, F.; Shoenfeld, Y. Sex-based differences in

autoimmune diseases. Ann. Ist. Super. Sanita 2016, 52, 205–212. [PubMed]
130. Abdullah, M.; Chai, P.S.; Chong, M.Y.; Tohit, E.R.; Ramasamy, R.; Pei, C.P.; Vidyadaran, S. Gender effect

on in vitro lymphocyte subset levels of healthy individuals. Cell Immunol. 2012, 272, 214–219. [CrossRef]
[PubMed]

481



Cancers 2020, 12, 1819

131. Uppal, S.S.; Verma, S.; Dhot, P.S. Normal values of CD4 and CD8 lymphocyte subsets in healthy indian
adults and the effects of sex, age, ethnicity, and smoking. Cytom. B Clin. Cytom. 2003, 52, 32–36. [CrossRef]

132. Afshan, G.; Afzal, N.; Qureshi, S. CD4+CD25(hi) Regulatory T Cells in Healthy Males and Females Mediate
Gender Difference in the Prevalence of Autoimmune Diseases. Clin. Lab. 2012, 58, 567–571.

133. Wesa, A.K.; Mandic, M.; Taylor, J.L.; Moschos, S.; Kirkwood, J.M.; Kwok, W.W.; Finke, J.H.; Storkus, W.J.
Circulating Type-1 Anti-Tumor CD4(+) T Cells are Preferentially Pro-Apoptotic in Cancer Patients.
Front. Oncol. 2014, 4, 266. [CrossRef]

134. Knutson, K.L.; Disis, M.L. Tumor antigen-specific Thelper cells in cancer immunity and immunotherapy.
Cancer Immunol. Immunother. 2005, 54, 721–728. [CrossRef]

135. Dong, H.; Strome, S.E.; Salomao, D.R.; Tamura, H.; Hirano, F.; Flies, D.B.; Roche, P.C.; Lu, J.; Zhu, G.;
Tamada, K.; et al. Tumor-associated B7-H1 promotes T-cell apoptosis: A potential mechanism of immune
evasion. Nat. Med. 2002, 8, 793–800. [CrossRef]

136. Wang, C.; Dehghani, B.; Li, Y.; Kaler, L.J.; Vandenbark, A.A.; Offner, H. Oestrogen modulates experimental
autoimmune encephalomyelitis and interleukin-17 production via programmed death 1. Immunology 2009,
126, 329–335. [CrossRef]

137. Curiel, T.J.; Wei, S.; Dong, H.; Alvarez, X.; Cheng, P.; Mottram, P.; Krzysiek, R.; Knutson, K.L.; Daniel, B.;
Zimmermann, M.C.; et al. Blockade of B7-H1 improves myeloid dendritic cell-mediated antitumor immunity.
Nat. Med. 2003, 9, 562–567. [CrossRef]

138. Dong, H.; Chen, L. B7-H1 pathway and its role in the evasion of tumor immunity. J. Mol. Med. (Berl.) 2003,
81, 281–287. [CrossRef]

139. Wang, Y.; Zhuang, Q.; Zhou, S.; Hu, Z.; Lan, R. Costimulatory molecule B7-H1 on the immune escape
of bladder cancer and its clinical significance. J. Huazhong Univ. Sci. Technol. Med. Sci. 2009, 29, 77–79.
[CrossRef]

140. Lin, P.Y.; Sun, L.; Thibodeaux, S.R.; Ludwig, S.M.; Vadlamudi, R.K.; Hurez, V.J.; Bahar, R.; Kious, M.J.;
Livi, C.B.; Wall, S.R.; et al. B7-H1-dependent sex-related differences in tumor immunity and immunotherapy
responses. J. Immunol. 2010, 185, 2747–2753. [CrossRef]

141. Zeng, Y. Principles of micro-RNA production and maturation. Oncogene 2006, 25, 6156–6162. [CrossRef]
142. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef]

[PubMed]
143. Kim, V.N.; Han, J.; Siomi, M.C. Biogenesis of small RNAs in animals. Nat. Rev. Mol. Cell Biol. 2009, 10,

126–139. [CrossRef]
144. Jansson, M.D.; Lund, A.H. MicroRNA and cancer. Mol. Oncol. 2012, 6, 590–610. [CrossRef]
145. Calin, G.A.; Sevignani, C.; Dumitru, C.D.; Hyslop, T.; Noch, E.; Yendamuri, S.; Shimizu, M.; Rattan, S.;

Bullrich, F.; Negrini, M.; et al. Human microRNA genes are frequently located at fragile sites and genomic
regions involved in cancers. Proc. Natl. Acad. Sci. USA 2004, 101, 2999–3004. [CrossRef] [PubMed]

146. Calin, G.A.; Croce, C.M. MicroRNA signatures in human cancers. Nat. Rev. Cancer 2006, 6, 857–866.
[CrossRef] [PubMed]

147. Fattore, L.; Costantini, S.; Malpicci, D.; Ruggiero, C.F.; Ascierto, P.A.; Croce, C.M.; Mancini, R.; Ciliberto, G.
MicroRNAs in melanoma development and resistance to target therapy. Oncotarget 2017, 8, 22262–22278.
[CrossRef]

148. Collins, L.C.; Marotti, J.D.; Gelber, S.; Cole, K.; Ruddy, K.; Kereakoglow, S.; Brachtel, E.F.; Schapira, L.;
Come, S.E.; Winer, E.P.; et al. Pathologic features and molecular phenotype by patient age in a large cohort of
young women with breast cancer. Breast Cancer Res. Treat. 2012, 131, 1061–1066. [CrossRef]

149. Maillot, G.; Lacroix-Triki, M.; Pierredon, S.; Gratadou, L.; Schmidt, S.; Benes, V.; Roche, H.; Dalenc, F.;
Auboeuf, D.; Millevoi, S.; et al. Widespread estrogen-dependent repression of microRNAs involved in breast
tumor cell growth. Cancer Res. 2009, 69, 8332–8340. [CrossRef]

150. Iorio, M.V.; Ferracin, M.; Liu, C.G.; Veronese, A.; Spizzo, R.; Sabbioni, S.; Magri, E.; Pedriali, M.; Fabbri, M.;
Campiglio, M.; et al. MicroRNA gene expression deregulation in human breast cancer. Cancer Res. 2005, 65,
7065–7070. [CrossRef]

151. Bottner, M.; Thelen, P.; Jarry, H. Estrogen receptor beta: Tissue distribution and the still largely enigmatic
physiological function. J. Steroid Biochem. Mol. Biol. 2014, 139, 245–251. [CrossRef]

482



Cancers 2020, 12, 1819

152. Di Leva, G.; Gasparini, P.; Piovan, C.; Ngankeu, A.; Garofalo, M.; Taccioli, C.; Iorio, M.V.; Li, M.; Volinia, S.;
Alder, H. MicroRNA Cluster 221-222 and Estrogen Receptor α Interactions in Breast Cancer. J. Natl.
Cancer Inst. 2010, 102, 706–721. [CrossRef] [PubMed]

153. Liu, B.; Che, Q.; Qiu, H.; Bao, W.; Chen, X.; Lu, W.; Li, B.; Wan, X. Elevated MiR-222-3p Promotes Proliferation
and Invasion of Endometrial Carcinoma via Targeting ERα. PLoS ONE 2014, 9, e87563. [CrossRef] [PubMed]

154. Di Leva, G.; Cheung, D.G.; Croce, C.M. miRNA clusters as therapeutic targets for hormone-resistant breast
cancer. Expert Rev. Endocrinol. Metab. 2015, 10, 607–617. [CrossRef]

155. Zhao, J.J.; Lin, J.; Yang, H.; Kong, W.; He, L.; Ma, X.; Coppola, D.; Cheng, J.Q. MicroRNA-221/222 negatively
regulates estrogen receptor alpha and is associated with tamoxifen resistance in breast cancer. J. Biol. Chem.
2008, 283, 31079–31086. [CrossRef]

156. Felicetti, F.; Errico, M.C.; Bottero, L.; Segnalini, P.; Stoppacciaro, A.; Biffoni, M.; Felli, N.; Mattia, G.; Petrini, M.;
Colombo, M.P.; et al. The promyelocyticleukemiazinc finger-microRNA-221/-222 pathwaycontrols melanoma
progressionthrough multiple oncogenicmechanisms. Cancer Res. 2008, 68, 2745–2754. [CrossRef] [PubMed]

157. Mattia, G.; Errico, M.C.; Felicetti, F.; Petrini, M.; Bottero, L.; Tomasello, L.; Romania, P.; Boe, A.; Segnalini, P.;
Di Virgilio, A.; et al. Constitutive activation of the ETS-1-miR-222 circuitry in metastatic melanoma.
Pigment Cell Melanoma Res. 2011, 24, 953–965. [CrossRef] [PubMed]

158. Errico, M.C.; Felicetti, F.; Bottero, L.; Mattia, G.; Boe, A.; Felli, N.; Petrini, M.; Bellenghi, M.; Pandha, H.S.;
Calvaruso, M.; et al. The abrogation of the HOXB7/PBX2 complex induces apoptosis in melanoma through
the miR-221&222-c-FOS pathway. Int. J. Cancer 2013, 133, 879–892.

159. Puglisi, R.; Bellenghi, M.; Pontecorvi, G.; Gulino, A.; Petrini, M.; Felicetti, F.; Bottero, L.; Mattia, G.;
Carè, A. SCD5 restored expression favors differentiation and epithelial-mesenchymal reversion in advanced
melanoma. Oncotarget 2018, 9, 7567–7581. [CrossRef]

160. Felli, N.; Errico, M.C.; Pedini, F.; Petrini, M.; Puglisi, R.; Bellenghi, M.; Boe, A.; Felicetti, F.; Mattia, G.;
De Feo, A.; et al. AP2α controls the dynamic balance between miR-126&126* and miR-221&222 during
melanoma progression. Oncogene 2016, 35, 3016–3026.

161. Ohno, S.; Labhart, A.; Mann, T.; Samuels, L.T.; Zander, J. (Eds.) Sex Chromosomes and Sex-Linked Genes.
In Monographs in Endocrinology; Springer: Berlin, Germany, 1967.

162. Matarrese, P.; Tieri, P.; Anticoli, S.; Ascione, B.; Conte, M.; Franceschi, C.; Malorni, W.; Salvioli, S.;
Ruggieri, A. X-chromosome-linked miR548am-5p is a key regulator of sex disparity in the susceptibility to
mitochondria-mediated apoptosis. Cell Death Dis. 2019, 10, 673–685. [CrossRef]

163. Pearce, M.S.; Parker, L. Childhood cancer registrations in the developing world: Still more boys than girls.
Int. J. Cancer 2001, 91, 402–406. [CrossRef]

164. Cartwright, R.A.; Gurney, K.A.; Moorman, A.V. Sex ratios and the risks of haematological malignancies.
Brit. J. Haematol. 2002, 118, 1071–1077. [CrossRef] [PubMed]

165. Cook, M.B.; Dawsey, S.M.; Freedman, N.D.; Inskip, P.D.; Wichner, S.M.; Quraishi, S.M.; Devesa, S.S.;
McGlynn, K.A. Sex disparities in cancer incidence by period and age. Cancer Epidem. Biomar. 2009, 18,
1174–1182. [CrossRef] [PubMed]

166. Lindsay, M.A. microRNAs and the immune response. Trends Immunol. 2008, 29, 343–351. [CrossRef]
[PubMed]

167. Zhao, J.L.; Rao, D.S.; Boldin, M.P.; Taganov, K.D.; O’Connell, R.M.; Baltimore, D. NF-kappa B dysregulation in
microRNA-146a-deficient mice drives the development of myeloid malignancies. Proc. Natl. Acad. Sci. USA
2011, 108, 9184–9189. [CrossRef]

168. Song, Q.; An, Q.; Niu, B.; Lu, X.; Zhang, N.; Cao, X. Role of miR-221/222 in Tumor Development and the
Underlying Mechanism. J. Oncol. 2019, 2019, e7252013. [CrossRef]

169. Urbich, C.; Kuehbacher, A.; Dimmeler, S. Role of microRNAs in vascular diseases, inflammation,
and angiogenesis. Cardiovasc. Res. 2008, 79, 581–588. [CrossRef] [PubMed]

170. Lee, J.Y.; Kim, M.; Heo, H.R.; Ha, K.S.; Han, E.T.; Park, W.S.; Yang, S.R.; Hong, S.H. Inhibition of MicroRNA-221
and 222 Enhances Hematopoietic Differentiation from Human Pluripotent Stem Cells via c-KIT Upregulation.
Mol. Cells 2018, 41, 971–978.

171. Pontecorvi, G.; Bellenghi, M.; Puglisi, R.; Carè, A.; Mattia, G. Tumor-derived extracellular vesicles and
microRNAs: Functional roles, diagnostic, prognostic and therapeutic options. Cytokine Growth Factor Rev.
2020, 51, 75–83. [CrossRef]

483



Cancers 2020, 12, 1819

172. Felicetti, F.; De Feo, A.; Coscia, C.; Puglisi, R.; Pedini, F.; Pasquini, L.; Bellenghi, M.; Errico, M.C.; Pagani, E.;
Carè, A. Exosome-mediated transfer of miR-222 is sufficient to increase tumor malignancy in melanoma.
J. Transl. Med. 2016, 24, 56. [CrossRef]

173. Korabecna, M.; Koutova, L.; Tesarova, P. The potential roles of vesicle-enclosed miRNAs in communication
between macrophages and cancer cells in tumor microenvironment. Neoplasma 2017, 64, 406–411. [CrossRef]
[PubMed]

174. Gruszka, R.; Zakrzewska, M. The Oncogenic Relevance of miR-17-92 Cluster and Its Paralogous miR-106b-25
and miR-106a-363 Clusters in Brain Tumors. Int. J. Mol. Sci. 2018, 19, 879. [CrossRef] [PubMed]

175. Audrito, V.; Serra, S.; Stingi, A.; Orso, F.; Gaudino, F.; Bologna, C.; Neri, F.; Garaffo, G.; Nassini, R.;
Baroni, G.; et al. PD-L1 up-regulation in melanoma increases disease aggressiveness and is mediated through
miR-17-5p. Oncotarget 2017, 8, 15894–15911. [CrossRef]

176. Landais, S.; Landry, S.; Legault, P.; Rassart, E. Oncogenic potential of the miR-106-363 cluster and its
implication in human T-cell leukemia. Cancer Res. 2007, 67, 5699–5707. [CrossRef]

177. Hao, T.; Li, C.X.; Ding, X.Y.; Xing, X.J. MicroRNA-363-3p/p21 (Cip1/Waf1) Axis Is Regulated by HIF-2α in
Mediating Stemness of Melanoma Cells. Neoplasma 2019, 23, 66–427. [CrossRef] [PubMed]

178. Johnnidis, J.B.; Harris, M.H.; Wheeler, R.T.; Stehling, S.S.; Lam, M.H.; Kirak, O.; Brummelkamp, T.R.;
Fleming, M.D.; Camargo, F.D. Regulation of progenitor cell proliferation and granulocyte function by
microRNA-223. Nature 2008, 451, 1125–1129. [CrossRef] [PubMed]

179. Moschos, S.A.; Williams, A.E.; Perry, M.M.; Birrell, M.A.; Belvisi, M.G.; Lindsay, M.A. Expression profiling
in vivo demonstrates rapid changes in lung microRNA levels following lipopolysaccharide induced
inflammation but not in the anti-inflammatory action of glucocorticoids. BMC Genom. 2007, 8, 240.
[CrossRef] [PubMed]

180. Mathsyaraja, H.; Thies, K.; Taffany, D.A.; Deighan, C.; Liu, T.; Yu, L.; Fernandez, S.A.; Shapiro, C.; Otero, J.;
Timmers, C. CSF1-ETS2 Induced microRNA in Myeloid Cells Promote Metastatic Tumor Growth. Oncogene
2015, 34, 3651–3661. [CrossRef]

181. Haneklaus, M.; Gerlic, M.; O’Neill, L.A.; Masters, S.L. miR-223: Infection, inflammation and cancer.
J. Intern. Med. 2013, 274, 215–226. [CrossRef]

182. Kitago, M.; Martinez, S.R.; Nakamura, T.; Sim, M.S.; Hoon, D.S. Regulation of RUNX3 Tumor Suppressor
Gene Expression in Cutaneous Melanoma. Clin. Cancer Res. 2009, 15, 2988–2994. [CrossRef]

183. Chen, M.L.; Sun, A.; Cao, W.; Eliason, A.; Mendez, K.M.; Getzler, A.J.; Tsuda, S.; Diao, H.; Mukori, C.;
Bruno, N.E. Physiological expression and function of the MDR1 transporter in cytotoxic T lymphocytes.
J. Exp. Med. 2020, 217, e201991388. [CrossRef] [PubMed]

184. Li, X.J.; Li, Z.F.; Xu, Y.Y.; Han, Z.; Liu, Z.J. microRNA-374 inhibits proliferation and promotes apoptosis of
mouse melanoma cells by inactivating the Wnt signalling pathway through its effect on tyrosinase. J. Cell
Mol. Med. 2019, 238, 4991–5005. [CrossRef] [PubMed]

185. Rajasekhar, M.; Schmitz, U.; Flamant, S.; Wong, J.J.-L.; Bailey, C.G.; Ritchie, W.; Hols, J.; Rasko, J.E.J.
Identifying microRNA determinants of human myelopoiesis. Sci. Rep. 2018, 8, 7264. [CrossRef] [PubMed]

186. Qian, D.; Chen, K.; Deng, H.; Rao, H.; Huang, H.; Liao, Y.; Sun, X.; Lu, S.; Yuan, Z.; Xie, D. MicroRNA-374b
suppresses proliferation and promotes apoptosis in T-cell lymphoblastic lymphoma by repressing AKT1 and
Wnt-16. Clin. Cancer Res. 2015, 21, 4881–4891. [CrossRef] [PubMed]

187. Yang, Y.; Feng, R.; Wang, Y.Z.; Sun, H.W.; Zou, Q.M.; Li, H.B. Toll-like receptors: Triggers of regulated cell
death and promising targets for cancer therapy. Immunol. Lett. 2020, 17. [CrossRef]

188. Li, F.; Li, X.J.; Qiao, L.; Shi, F. miR-98 suppresses melanoma metastasis through a negative feedback loop
with its target gene IL-6. Exp. Mol. Med. 2014, 46, e116. [CrossRef]

189. Li, L.; Sun, P.; Zhang, C.; Li, Z.; Zhou, W. MiR-98 suppresses the effects of tumor-associated macrophages on
promoting migration and invasion of hepatocellular carcinoma cells by regulating IL-10. Biochimie 2018, 150,
23–30. [CrossRef]

190. Seeley, J.J.; Baker, R.G.; Mohamed, G.; Bruns, T.; Hayden, M.S.; Deshmukh, S.D.; Freedberg, D.E.; Ghosh, S.
Induction of innate immune memory via microRNA targeting of chromatin remodelling factors. Nature 2018,
559, 114–119. [CrossRef]

191. Clark, W.H.; From, L.; Bernardino, E.A.; Mihm, M.C. The histogenesis and biological behavior of primary
human malignant melanomas of the skin. Cancer Res. 1969, 29, 705–727.

484



Cancers 2020, 12, 1819

192. Hieken, T.J.; Glasgow, A.E.; Enninga, E.A.L.; Kottschade, L.A.; Dronca, R.S.; Markovic, S.N.; Block, M.S.;
Habermann, E.B. Sex-Based Differences in Melanoma Survival in a Contemporary Patient Cohort. J. Womens
Health (Larchmt) 2020. [CrossRef]

193. Yakerson, A. Women in clinical trials: A review of policy development and health equity in the Canadian
context. Int. J. Equity Health 2019, 18, 56. [CrossRef] [PubMed]

194. Olsen, C.M.; Pandeya, N.; Thompson, B.S.; Dusingize, J.C.; Webb, P.M.; Green, A.C.; Neale, R.E.;
Whiteman, D.C. QSkin Study. Risk Stratification for Melanoma: Models Derived and Validated in a
Purpose-Designed Prospective Cohort. J. Natl. Cancer Inst. 2018, 110, 1075–1083. [CrossRef] [PubMed]

195. Avery, E.; Clark, J. Sex-related reporting in randomised controlled trials in medical journals. Lance 2016, 388,
2839–2840. [CrossRef]

196. Heidari, S.; Babor, T.F.; De Castro, P.; Tort, S.; Curno, M. Sex and Gender Equity in Research: Rationale for
the SAGER guidelines and recommended use. Res. Integr. Peer. Rev. 2016, 1, 2. [CrossRef]

197. Italian Official Gazette GU Series General n.25. Delegation to the Government Concerning Clinical Trials of
Medicinal Products and Provisions for the Reorganization of the Health Professions and for the Healthcare
Officials of the Ministry of Health. 2018. Available online: https://www.gazzettaufficiale.it/eli/gu/2018/01/31/

25/sg/pdf (accessed on 4 July 2020).
198. Unger, J.M.; Vaidya, R.; Albain, K.S.; LeBlanc, M.L.; Minasian, L.M.; Gotay, C.; Henry, N.L.; Fisch, M.J.;

Ramsey, S.D.; Blanke, C.D.; et al. Sex differences in adverse event reporting in SWOG chemotherapy,
biologic/immunotherapy, and targeted agent cancer clinical trials. J. Clin. Oncol. 2019, 37, 11588. [CrossRef]

199. Kim, S.Y.; Kim, S.N.; Hahn, H.J.; Lee, Y.W.; Choe, Y.B.; Ahn, K.J. Meta-analysis of BRAF mutations and
clinicopathologic characteristics in primary melanoma. J. Am. Acad. Dermatol. 2015, 72, 1036–1046. [CrossRef]

200. Schadendorf, D.; van Akkooi, A.C.J.; Berking, C.; Griewank, K.G.; Gutzmer, R.; Hauschild, A.; Stang, A.;
Roesch, A.; Ugurel, S. Melanoma. Lancet 2018, 392, 971–984. [CrossRef]

201. Ascierto, P.A.; Ferrucci, P.F.; Fisher, R.; Del Vecchio, M.; Atkinson, V.; Schmidt, H.; Schachter, J.; Queirolo, P.;
Long, G.V.; Di Giacomo, A.M.; et al. Dabrafenib, trametinib and pembrolizumab or placebo in BRAF-mutant
melanoma. Nat. Med. 2019, 25, 941–946. [CrossRef]

202. Broman, K.K.; Dossett, L.A.; Sun, J.; Eroglu, Z.; Zager, J.S. Update on BRAF and MEK inhibition for treatment
of melanoma in metastatic, unresectable, and adjuvant settings. Expert Opin. Drug. Saf. 2019, 18, 381–392.
[CrossRef]

203. Khalil, D.N.; Smith, E.L.; Brentjens, R.J.; Wolchok, J.D. The future of cancer treatment: Immunomodulation,
CARs and combination immunotherapy. Nat. Rev. Clin. Oncol. 2016, 13, 273–290. [CrossRef]

204. Robert, C.; Grob, J.J.; Stroyakovskiy, D.; Karaszewska, B.; Hauschild, A.; Levchenko, E.; ChiarionSileni, V.;
Schachter, J.; Garbe, C.; Bondarenko, I.; et al. Five-Year Outcomes with Dabrafenib plus Trametinib in
Metastatic Melanoma. N. Engl. J. Med. 2019, 381, 626–636. [CrossRef] [PubMed]

205. Oertelt-Prigione, S. The influence of women sex and gender on the immune response. Autoimmun. Rev. 2012,
11, A479–A485. [CrossRef] [PubMed]

206. Botticelli, A.; Onesti, C.E.; Zizzari, I.; Cerbelli, B.; Sciattella, P.; Occhipinti, M.; Roberto, M.; Di Pietro, F.;
Bonifacino, A.; Ghidini, M.; et al. The sexist behaviour of immune checkpoint inhibitors in cancer therapy?
Oncotarget 2017, 8, 99336–99346. [CrossRef] [PubMed]

207. Walker, L.S. Treg and CTLA-4: Two intertwining pathways to immune tolerance. J. Autoimmun. 2013, 45,
49–57. [CrossRef] [PubMed]

208. Wu, Y.; Ju, Q.; Jia, K.; Yu, J.; Shi, H.; Wu, H.; Jiang, M. Correlation between sex and efficacy of immune
checkpoint inhibitors (PD-1 and CTLA-4 inhibitors). Int. J. Cancer 2018, 143, 45–51. [CrossRef]

209. Grassadonia, A.; Sperduti, I.; Vici, P.; Iezzi, L.; Brocco, D.; Gamucci, T.; Pizzuti, L.; Maugeri-Saccà, M.;
Marchetti, P.; Cognetti, G.; et al. Effect of Gender on the Outcome of Patients Receiving Immune Checkpoint
Inhibitors for Advanced Cancer: A Systematic Review and Meta-Analysis of Phase III Randomized Clinical
Trials. J. Clin. Med. 2018, 7, 542. [CrossRef]

210. McQuade, J.L.; Daniel, C.R.; Hess, K.R.; Mak, C.; Wang, D.Y.; Rai, R.R.; Park, J.J.; Haydu, L.E.; Spencer, C.;
Wongchenko, M.; et al. Association of body-mass index and outcomes in patients with metastatic melanoma
treated with targeted therapy, immunotherapy, or chemotherapy: A retrospective, multicohort analysis.
Lancet Oncol. 2018, 19, 310–322. [CrossRef]

485



Cancers 2020, 12, 1819

211. Grasa, M.D.M.; Gulfo, J.; Camps, N.; Alcalà, R.; Monserrat, L.; Moreno-Navarrete, J.M.; Ortega, F.J.; Esteve, M.;
Remesar, X.; Fernàndez-Lòpez, J.A.; et al. Modulation of SHBG Binding to Testosterone and Estradiol by Sex
and Morbid Obesity. Eur. J. Endocrinol. 2017, 176, 393–404. [CrossRef]

212. Wang, J.; Huang, Y. Pharmacogenomics of sex difference in chemotherapeutic toxicity. Curr. Drug.
Discov. Technol. 2007, 4, 59–68. [CrossRef]

213. Ozdemir, B.C.; Coukos, G.; Wagner, A.D. Immune-related adverse events of immune checkpoint inhibitors
and the impact of sex-what we know and what we need to learn. Ann. Oncol. 2018, 29, 1067. [CrossRef]

214. Wang, S.; Cowley, L.A.; Liu, X.S. Sex Differences in Cancer Immunotherapy Efficacy, Biomarkers,
and Therapeutic Strategy. Molecules 2019, 24, 3214. [CrossRef] [PubMed]

215. Klein, S.L.; Morgan, R. The impact of sex and gender on immunotherapy outcomes. Biol. Sex Differ. 2020,
11, 24. [CrossRef] [PubMed]

216. Olsen, C.M.; Thompson, F.C.; Pandeya, N.; Whiteman, D.C. Evaluation of Sex-Specific Incidence of Melanoma.
JAMA Dermatol. 2020, 156, 553–560. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

486



cancers

Review

BRAF Inhibitors: Molecular Targeting and
Immunomodulatory Actions

Ilaria Proietti 1,* , Nevena Skroza 1, Simone Michelini 1 , Alessandra Mambrin 1,
Veronica Balduzzi 1, Nicoletta Bernardini 1, Anna Marchesiello 1, Ersilia Tolino 1,
Salvatore Volpe 1, Patrizia Maddalena 1, Marco Di Fraia 1, Giorgio Mangino 2,3 ,
Giovanna Romeo 2,3 and Concetta Potenza 1

1 Department of Medical-Surgical Sciences and Biotechnologies, Dermatology Unit “Daniele Innocenzi”,
Sapienza University of Rome, Polo Pontino, 04100 Latina, Italy; nevena.skroza@uniroma1.it (N.S.);
simo.mik@hotmail.it (S.M.); mambrinalessandra@gmail.com (A.M.); veronica.balduzzi@gmail.com (V.B.);
nicoletta.bernardini@libero.it (N.B.); anna.marchesiello90@gmail.com (A.M.); ersiliatolino@gmail.com (E.T.);
salvatore.volpe@uniroma1.it (S.V.); patrizia.maddalena@uniroma1.it (P.M.); 16191@gmail.com (M.D.F.);
concetta.potenza@uniroma1.it (C.P.)

2 Department of Medico-Surgical Sciences and Biotechnologies, Sapienza University of Rome, 04100 Latina,
Italy; giorgio.mangino@uniroma1.it (G.M.); giovanna.romeo@uniroma1.it (G.R.)

3 Institute of Molecular Biology and Pathology, Consiglio Nazionale delle Ricerche, 00100 Rome, Italy
* Correspondence: proiettilaria@gmail.com; Tel.: +39-3334684342 or +39-0773708811

Received: 27 May 2020; Accepted: 26 June 2020; Published: 7 July 2020
����������
�������

Abstract: The BRAF inhibitors vemurafenib, dabrafenib and encorafenib are used in the treatment of
patients with BRAF-mutant melanoma. They selectively target BRAF kinase and thus interfere with
the mitogen-activated protein kinase (MAPK) signalling pathway that regulates the proliferation
and survival of melanoma cells. In addition to their molecularly targeted activity, BRAF
inhibitors have immunomodulatory effects. The MAPK pathway is involved in T-cell receptor
signalling, and interference in the pathway by BRAF inhibitors has beneficial effects on the tumour
microenvironment and anti-tumour immune response in BRAF-mutant melanoma, including
increased immune-stimulatory cytokine levels, decreased immunosuppressive cytokine levels,
enhanced melanoma differentiation antigen expression and presentation of tumour antigens by HLA
1, and increased intra-tumoral T-cell infiltration and activity. These effects promote recognition
of the tumour by the immune system and enhance anti-tumour T-cell responses. Combining
BRAF inhibitors with MEK inhibitors provides more complete blockade of the MAPK pathway.
The immunomodulatory effects of BRAF inhibition alone or in combination with MEK inhibition
provide a rationale for combining these targeted therapies with immune checkpoint inhibitors.
Available data support the synergy between these treatment approaches, indicating such combinations
provide an additional beneficial effect on the tumour microenvironment and immune response in
BRAF-mutant melanoma.

Keywords: BRAF-mutant melanoma; BRAF inhibitor; mechanism of action; melanoma; targeted
therapy; tumour microenvironment

1. Introduction

Melanoma is the deadliest form of skin cancer and results from the uncontrolled division of
melanocytes. This is highlighted by the fact that melanoma accounts for only 4 percent of all
dermatological cancers, but it is responsible for 80 percent of deaths [1]. Globally, over the last
50 years there has been a steady increase in the prevalence of melanoma with nearly 200,000 new cases
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diagnosed annually, with the highest rates recorded in Australia and New Zealand [2]. This has been
paralleled by an improvement in survival rates likely as a result of earlier and better diagnosis, and
the introduction of modern therapies including immunotherapy and targeted therapy [1,2]. In the
US melanoma is the fifth most common cancer in men and the seventh most common cancer in
women, and over the last 20 years 5-year survival rates have increased from approximately 80% to
>90% [1,2]. In Europe in 2018, melanoma of the skin was ranked as the seventh most prevalent cancer
with 144,209 new cases and 27,147 deaths [3]. In a previous report it was noted that there was a wide
variation in incidence between countries, ranging from 2.2 in Greece to 19.2 in Switzerland (per 100,000
person years). The highest incidences tended to be recorded in Northern European countries (Estonia,
Latvia, Lithuania, Scandinavia, the UK, and Ireland) and Western European (Austria, Belgium, France
(metropolitan), Germany, Luxenberg, Switzerland and the Netherlands) [4].

Melanoma occurs as consequence of genetic mutations and environmental factors. Gene mutation
lead to cell proliferation and growth, and the development of an invasive cell phenotype. Key risk
factors predisposing to cutaneous melanoma include family history, male gender, older age, racial
skin phenotype (Caucasian race increases risk), lighter coloured eyes (blue and hazel eyes have a
greater risk than dark brown eyes), the presence of multiple dysplastic nevi, immunosuppression, sun
sensitivity, and exposure to ultraviolet (UV) radiation in sunlight [1,2]. Two high risk groups are fair
skinned individuals with red or blond hair with many freckles, and persons with darker hair and skin
with high melanocytic nevi numbers [2]. Prevention (avoiding exposure to harmful UV radiation) and
early detection are key initiatives to reduce the risk of developing a melanoma.

In recent years, the treatment of patients with melanoma has been advanced by the development of
molecular targeted therapies and immunotherapies. This is based upon the finding that carcinogenesis
is dependent on genetic mutations that activate mitogenic signalling, and that established tumours
usually remain dependent on these signalling pathways. Thus, in-depth knowledge of the melanocyte
signalling cascade offers therapeutic potential in patients with melanoma [5].

Recent advances in molecular genetics have provided a better understanding of the genetic
mutations underpinning the pathogenesis and proliferation of melanocytes [6]. The majority of these
mutations affecting the mitogen-activated protein kinase (MAPK) pathway, which is involved in the
regulation of cell growth and proliferation [7,8]. Most notably, mutations affecting BRAF are found
in more than half of patients diagnosed with cutaneous melanoma [9]. In BRAF-mutated melanoma,
BRAF kinase becomes hyperactivated, resulting in increased cell proliferation and survival [7,10].
A better knowledge of the genetic and epigenetic changes of BRAF mutations through gene sequencing,
as well as a fuller understanding of the underlying pathogenicity of melanoma, should help direct
future targeted treatments and the development of a personalised approach to patient management.
At the present time, three selective BRAF kinase inhibitors have been approved for use in the treatment
of BRAF-mutant melanoma, including vemurafenib, dabrafenib and encorafenib [8]. Other genetic
drivers in the pathogenesis of melanoma include NRAS and neurofibromatosis 1 (NF1) mutations [11],
but these will not be discussed in detail in this article.

This review summarises the mechanisms underlying the efficacy of BRAF inhibitors in the
treatment of BRAF-mutant melanoma, including their inhibitory effect on constitutively activated
BRAF kinase and consequent interference with the MAPK pathway, and their immunomodulatory role
in the tumour microenvironment, leading to enhanced tumour recognition by the immune system and
anti-tumour T-cell responses.

2. MAPK Pathway in Melanoma

The MAPK/extracellular signal-related kinase (ERK) pathway, under normal physiological
conditions, plays a key role in the regulation of fundamental cellular processes, including cell growth,
development, division, transformation, proliferation, migration and death (apoptosis). This is achieved
through a broad-spectrum of interactions involving mitogens, growth factors and cytokines [7,8].
MAPK signaling is initiated via cell surface tyrosine kinase receptors, and subsequent activation of RAS,
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a membrane-bound GTPase. Transduction of the extracellular signals to the intracellular environment
occurs through a hierarchical cascade of phosphorylation reactions which lead to the activation of
specific kinases [7,8]. In particular, RAF (rapidly accelerated fibrosarcoma) protein kinases [of which
there are three isoforms (A,B,C); namely, ARAF, BRAF and CRAF] are involved in the phosphorylation
and activation of the MAP/ERK 1 and 2 kinases (MEK 1 and 2), which in turn phosphorylate the
substrates ERK 1 and 2 [8]. Activated ERK is responsible for the phosphorylation of a range of
substrates that are involved in the regulation of the gene expression which is essential for tumour
growth and cytoskeletal functioning. These include effects on metabolism differentiation, proliferation,
senescence and, ultimately, cell death.

RAF kinases, which are encoded by the Raf gene, exhibit serine/threonine protein kinase activity,
with BRAF having the strongest activity and ARAF the weakest [7]. Of these three kinases, BRAF
has the highest mutation rate and this has been reported to be up to 90% in melanoma tumours [7].
Activation of RAF is regulated by RAS. Upon stimulation by upstream factors, inactive RAS-GDP is
converted to active RAS-GTP in the plasma membrane, which results in translocation of RAF to the
membrane and the formation of RAF–RAS-GTP complexes [12]. Bound RAF kinases are activated
through priming, including phosphorylation of key residues and dimerization through the kinase
domain. RAF kinase domains have inactive and active conformations; dimerization helps produce the
active conformation of RAFs, including BRAF, in the normal physiological setting [12].

Over-activating mutations affecting the MAPK/ERK pathway can lead to uncontrolled cell growth
and this has been associated with a number of different neoplasms, including involvement in the
pathogenesis/progression of melanomas [8]. Mutations of BRAF are the most common mutations
leading to overactivation of the MAPK pathway, and BRAF-activating mutations are found in more
than half of cutaneous melanomas [8,13]. The most common is the V600E mutation which accounts for
80–90% of BRAF mutations in melanomas and is present in almost 60% of cutaneous cases but is present
in only 5% of mucosal melanomas [8]. The second most common mutation involves V600K which
has been reported in approximately 8% of melanomas [8,13]. The p.V600E mutation, which leads to
substitution of valine by glutamic acid at amino acid position 600 in the BRAF protein has been reported
to result from the transversion c.1799T > A in exon 15 [8,13]. This mutation increases BRAF kinase
activity ~700-fold compared with wild type BRAF [14]. While the base changes involved in this V600E
mutation are not typical of those associated with UV radiation, there is clear evidence that they might
result from error-prone replication of UV-damaged DNA, possibly as a consequence of multiple acute
episodes of sun exposure [15]. The mutated gene leads to the production of a constitutively activated
BRAF protein that dysregulates downstream MAPK signalling, promoting cellular proliferation and
inhibiting apoptosis [7,10]. Oncogenic BRAF mutations promote spontaneous BRAF activation by
various means, such as enhancing RAS-GTP-associated dimerization, or causing BRAF dimerization in
the absence of RAS-GTP [12]. The structural mechanism underlying BRAF activation caused by the
common V600E mutation is not fully understood, but there is evidence that the V600E substitution
may promote conformational changes in BRAF leading to dimerization-induced activation [12].

3. Tumour Microenvironment in Melanoma

A number of studies have demonstrated that alongside genetic mutations, alterations in the
tumour microenvironment (characterized by increased levels of proteins able to favour tumour
invasion and infiltration) are responsible for melanoma proliferation [11]. In this regard, matrix
metalloproteinases (MMPs), particularly MMP-9 and MMP-2, play a key role. These MMPs increase
the degradation of components of the extracellular matrix, thus favouring tumour cell infiltration.
Melanomas are associated with numerous mutations involving genes controlling cellular processes
such us, proliferation (BRAF, NRAS and NF1), growth and metabolism [phosphatase and tensin
homolog (PTEN) and KIT proto-oncogene receptor tyrosine kinase (KIT)], resistance to apoptosis
[tumour protein p53 (TP53)], cell cycle control [cyclin-dependent kinase inhibitor 2A (CDKN2A)] and
replicative lifespan [telomerase reverse transcriptase (TERT)] [11]. These genetic alterations typically
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lead to the aberrant activation of two main signalling pathways in melanoma: the RAS/RAF/MEK/ERK
signalling cascade [also known as the mitogen-activated protein kinase (MAPK) pathway] and the
phosphoinositol-3-kinase (PI3K)/AKT pathway [11]. The MAPK pathway is involved in T-cell receptor
signalling. BRAF-mutant tumours with constitutive upregulation of the MAPK pathway, such as
melanoma, can induce immune-escape mechanisms that make them immunologically “cold” and able
to evade T-cell immune responses [16,17]. The tumours employ various mechanisms affecting different
stages of the cancer–immunity cycle.

BRAF-mutant tumours create an immunosuppressive microenvironment that prevents the
presentation of tumour antigens by antigen-presenting cells (such as dendritic cells and macrophages),
and the T-cell priming that follows [16,18,19]. For example, BRAFV600E cells adversely affect
the maturation of dendritic cells and reduce their ability to produce the cytokines necessary for
T-cell activation and expansion [16,19,20]. Tumour T-cell infiltrates are reduced in BRAF-mutated
melanomas [21].

BRAF-mutant melanoma can escape recognition by effector T cells; for example, through low
expression of melanoma differentiation antigens and by down-regulating the expression of human
leucocyte antigen (HLA) class I molecules on melanoma cell surfaces [16,22]. HLA 1 is necessary
for the presentation of antigens for recognition by T cells and, therefore, by reducing its expression,
BRAF-mutant melanoma cells can escape recognition.

The microenvironment of BRAF-mutant melanomas can also inhibit effector T-cell functions; for
example, by promoting the accumulation of regulatory T cells and myeloid-derived suppressor cells
(MDSCs) [16,17,19,20]. The regulatory T cells, via cell to cell contact-dependent mechanisms and
immunosuppressive cytokines (interleukin (IL)-6 and IL-10) limit responses to effector T cells [16,21].
MDSCs include a variety of cells of myeloid origin which are able to potently suppress T cells

In summary, BRAF-mutant melanomas have a tumour microenvironment involving upregulation
of the MAPK signalling pathway that creates a pro-tumorigenic environment and an ineffective
anti-tumour immune response [16].

4. BRAF Inhibitors: Mechanism of Action

4.1. Kinase Repression

The BRAF inhibitors vemurafenib, dabrafenib and encorafenib are approved for use in the
treatment of patients with BRAFV600-mutant advanced melanoma (Table 1) [23–30]. These drugs are
orally available, small molecule, selective inhibitors of BRAF kinase. By inhibiting BRAF they interfere
with the MAPK signalling pathway that regulates the proliferation and survival of melanoma cells.

They exhibit high specificity for BRAFV600-mutant cell lines, with this specificity thought to be
due to preferential inhibition of the active conformation of BRAF, achieved by competitive occupation
of the ATP binding pocket which stabilizes the kinase in its active conformation [8].

Preclinical studies demonstrated that vemurafenib and dabrafenib provide potent selective
inhibition of kinase activity in BRAFV600-mutant melanoma cell lines, blocking ERK phosphorylation
and cellular proliferation, and inducing G1 cell-cycle arrest and apoptosis [23–26,29,30]. Vemurafenib
has confirmed activity against V600E, V600D and V600R mutant cell lines [23] and dabrafenib against
V600E, V600D, V600R and V600K [24,25]. Inhibition is not seen with either drug in cells expressing
wild type BRAF or non-V600 mutations [23,25,29]. In contrast, encorafenib, which targets V600E and
V600K mutants, also displays some inhibitory effect in wild type BRAF [8,27,28]. In xenograft models
of BRAFV600E-expressing melanoma, administration of these agents inhibits tumour growth, and at
higher doses induces tumour regression [23,24,26,28,29].
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Table 1. BRAF Inhibitors [8,23–30].

INN Chemical Name Activity FDA/EMA Approved
Indications/Date of First Approval

Vemurafenib

N-[3-[5-(4-chlorophenyl)-
1H-pyrrolo[2,3-b]pyridine-

3-carbonyl]-2,4-
difluorophenyl]propane-

1-sulfonamide entry 1

Selectively binds to the
ATP-binding site of BRAF

kinase and inhibits its activity.
Activity against

BRAFV600E, V600D, V600R

mutant cell lines [23].

Monotherapy in adults with
BRAFV600-mutation-positive

unresectable or metastatic
melanoma.

FDA 2011 / EMA 2012

Dabrafenib

N
-[3-[5-(2-aminopyrimidin-4-yl)-

2-tert-butyl-1,3-thiazol-4-yl]-
2-fluorophenyl]-2,6-

difluorobenzenesulfonamide

Selectively binds to and
inhibits the activity of BRAF.

Activity against
BRAFV600E, V600D, V600R, V600K

mutant cell lines [24–26].

Monotherapy in adults with
unresectable or metastatic

melanoma with BRAFV600E

mutation (FDA) or BRAFV600

mutations (EMA). Combination
therapy with trametinib in patients

with unresectable or metastatic
melanoma with BRAFV600E or

BRAFV600K mutations (FDA) or
BRAFV600 mutations (EMA), and
also adjuvant treatment of adults
with stage III melanoma with a
BRAFV600 mutation, following

complete resection (EMA).
FDA 2013 / EMA 2013

Encorafenib

Methyl N-[(2S)-1-[[4-[3-[5-
chloro-2-fluoro-3-

(methanesulfonamido)phenyl]-
1-propan-2-ylpyrazol-4-

yl]pyrimidin-2-yl]amino]
propan-2-yl]carbamate

Selective ATP-competitive
RAF kinase inhibitor. Activity

against BRAF
V600E, V600D, V600K mutant cell

lines [8,27,28]

Combination therapy with
binimetinib in adults with
unresectable or metastatic

melanoma with a BRAFV600

mutation (EMA) or BRAFV600E or
BRAFV600K mutation detected by

FDA-approved test (FDA).
FDA 2018 / EMA 2018

EMA = European Medicines Agency; FDA = US Food and Drug Administration.

In BRAF wild type cells, vemurafenib, dabrafenib and encorafenib can cause RAS-dependent
paradoxical activation of the MAPK pathway, especially in cells that have pre-existing RAS
mutations [10,12,24,31]. It may also select for the survival of non-BRAFV600 cells, causing drug
resistance [10]. Combining a BRAF inhibitor with a MEK inhibitor (which acts by inhibiting kinases
further downstream of BRAF in the MAPK pathway) prevents some of this increased MAPK signalling
and provides more potent and durable inhibition of ERK signalling [24,31,32]. Dual MAPK pathway
inhibition is a standard treatment option for BRAF-mutated melanoma.

4.2. Immunomodulatory Actions (Tumour Microenvironment)

BRAF inhibitors can reverse some of the immunosuppressive effects associated with the
BRAF-mutant tumour microenvironment (discussed in Section 3), augmenting the immune response
and turning them back into immunologically “hot” tumours [16,17,21,33]. This is achieved via several
different mechanisms.

Firstly, BRAF inhibitors help restore an immune-stimulatory microenvironment in BRAF-mutant
melanomas [16,17,21,33]. This is done by enhancing the expression of immune-stimulatory
molecules/cytokines [19,34], reducing the expression of immunosuppressant molecules/cytokines [20,35–37], and
reducing the accumulation of regulatory immune cells (e.g., regulatory T cells and MDSCs) [11,13,19,20,34–41]
(Table 2).
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Table 2. Mechanisms by which BRAF Inhibitors Help Restore an Immune-stimulatory Tumour
Microenvironment in BRAF-mutant Melanoma [11,13,18,20,34–41].

Effect Findings

Increased expression of immune-stimulatory
molecules/cytokines

Increased CD40L and IFNγ expression on
intratumoural CD4+ TILs in a murine model of

melanoma [19]
Increased IL-12 and TNFα production and surface

marker expression (CD80, CD83, CD86) in DCs
co-cultured with BRAF-mutant melanoma

cells [20,34]
Increased levels of IFNγ, TNFα and the chemokine

CCL4 in melanoma patient serum samples [38]

Reduced expression of immunosuppressive
molecules/cytokines

Decreased expression of IL-1, IL-6, IL-8, IL-10, VEGF
in BRAF-mutant melanoma cells [20,35,36]

Decreased expression of IL-6 and IL-8 in melanoma
patient biopsies [37]

Decreased levels of IL8 (CXCL8) in melanoma patient
serum samples [38]

Reduced accumulation of regulatory immune cells
and regulatory chemokines

Reduced accumulation of Tregs and MDSCs in
murine models of melanoma [19,40]

Decreased MDSC level in melanoma patient blood
samples [39]

Decreased expression of CCL2, increased ratio of
CD8+ T cells to Tregs in a murine BRAF-mutant

melanoma model [41]

CCL2 = CC-chemokine ligand 2; DC = dendritic cell; IFN = interferon; IL = interleukin; MDSC = myeloid-derived
suppressor cell; NK = natural killer; TIL = tumour-infiltrating cell; Treg = regulatory T cell; VEGF = vascular
endothelial growth factor.

Secondly, BRAF inhibitors increase T-cell infiltration into the tumour microenvironment of
BRAF-mutant melanomas [16,17,21]. Increased CD8+ T-cell infiltration after BRAF-inhibitor treatment
has been demonstrated in animal models, as well as from biopsies from patients [37,38,42–44].
Concurrent administration of a BRAF inhibitor improves the activity and infiltration of
melanoma-specific adoptive T cells [45]. There is evidence from in vitro and in vivo studies that
the enhanced tumour infiltration by T cells might be due to a reduction in vascular endothelial growth
factor (VEGF) expression during BRAF inhibitor administration [20,22,35,36,45]. High VEGF levels
cause blood vessel abnormalities that can restrict the entry of drugs and immune cells into tumours.
In addition to T cells, an increased number of natural killer cells have been demonstrated in tumour
infiltrates in a mouse model of BRAF-mutant melanoma after treatment with a BRAF inhibitor [41].

Thirdly, BRAF inhibitors enhance the recognition of melanoma cells by the immune system
and so reduce the likelihood of the tumour escaping recognition by T cells [16,17,21,33]. Evidence
from in vitro and in vivo studies indicate that BRAF inhibitors do this by increasing the expression
of melanoma differentiation antigens, such as melanoma antigen recognised by T cells (MART-1),
glycoprotein 100 (gp100), tyrosinase-related protein-1 (TYRP-1), TYRP-2 and dopachrome tautomerase
(DCT) on BRAF-mutant cells [37,46], and also by increasing the expression of HLA 1 on the surface of
BRAF-mutant melanoma cells [22,35].

Finally, BRAF inhibitors can improve the activity of effector T cells [16,21,33]. Studies using
BRAF-mutant cell lines have shown that BRAF inhibitors increase T-cell activity, as indicated by an
increase in IFNγ release [19,46]. Analysis of biopsies from patients with BRAF-mutant melanoma has
shown that BRAF inhibitor treatment increases expression of markers of T-cell cytotoxicity, such as
perforin and granzyme B [37].

MEK inhibitors also display some immunomodulatory activity, including in BRAF wild type
melanoma [16]. In line with the effects of BRAF inhibitor monotherapy discussed above, the
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combination of a BRAF inhibitor and a MEK inhibitor has been shown to increase immune-stimulatory
molecules/cytokines [35], reduce immunosuppressive cytokines [35–37], reduce VEGF expression [36],
increase T-cell infiltrates [37], increase HLA 1 [35] and melanoma antigen [37] expression, and increase
markers of T-cell cytotoxicity [37] in BRAF-mutant melanoma. Combination BRAF inhibitor plus
MEK inhibitor treatment has also been shown to promote the cleavage of gasdermin E and release
of HMGB1, suggesting that it may in part regulate the tumour immune microenvironment through
pyroptosis (an inflammatory type of programmed cell death) [47].

The ability of BRAF inhibitors (and MEK inhibitors) to modify the tumour microenvironment
and enhance anti-tumour immune responses in BRAF-mutated melanoma supports the idea that
a combination of targeted therapy and immunotherapy could provide greater anti-tumour activity.
Examples of immunotherapies used in melanoma include adoptive immunotherapy (passive transfer
of activated T cells) and immune checkpoint inhibitors (which prevent the activation of T cells) [48].
Checkpoint inhibitors include monoclonal antibodies directed against programmed death receptor-1
(PD1), PD ligand-1 (PDL1), or cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). These molecules
are negative regulators of T-cell activity, and blocking their actions strengthens effector T cell functioning
and anti-tumour responses [48]. Analysis of sequential biopsies from a patient with melanoma found
a transient increase in T-cell infiltrate (followed by a decrease) during BRAF inhibitor monotherapy,
which increased again and persisted after a dose of anti-CTLA4 antibody [42,43]. The combination of a
BRAF inhibitor with either an anti-PD1 or anti-PDL1 checkpoint inhibitor has been shown to increase
T-cell infiltration, the ratio of CD8+ T cells to regulatory T cells, and T-cell activity, compared with
either agent alone in a murine model of BRAF-mutant melanoma [42,43]. Triple combination therapy
with a BRAF inhibitor, a MEK inhibitor and pmel-1 adoptive cell transfer immunotherapy has been
shown to increase T-cell infiltration into tumours and improve cytotoxicity in a murine model [49].
Studies in mice have also found that triple combination therapy with a BRAF inhibitor, MEK inhibitor
and an anti-PD1 antibody produces greater anti-tumour activity than anti-PD1 monotherapy or any
double combination amongst these therapies [49–51]. This triple combination therapy is associated
with increased CD8+ T-cell infiltration, CD4+ cells and tumour-associated macrophages compared
with anti-PD1 monotherapy [51]. Overall, these data suggest that the combination of targeted therapy
and immunotherapy has a beneficial effect on the tumour microenvironment and T-cell response.

5. Clinical Implications

Most patients with newly diagnosed melanoma have early stage disease and surgical excision
is the treatment of choice and is usually curative. This highlights the importance of regular skin
checks and early detection. Some of these patients will relapse during the course of the disease,
and others (about 10%) will present with advanced unresectable disease which may have already
metastasized [11]. Medical treatment in these cases has been revolutionised in the last decade with the
availability of several new therapies such as BRAF and MEK inhibitors and anti-PD1 and anti-CTLA4
immunotherapies. As a consequence of these developments, these newer therapies have become
the mainstay of advanced melanoma therapy, and chemotherapy is now considered second-line at
best [11].

BRAF inhibitors have been shown to rapidly suppress melanoma growth and control the
malignancy in a large proportion of patients [11,52,53]. Although BRAF inhibitors can induce good
responses in many patients with BRAF-mutant melanoma, in some cases, a reduction in effectiveness
can be observed after 7–8 months of therapy [32,54,55]. Several mechanisms account for the reduction
in tumour response to BRAF inhibitor therapy [52,53]. These include both primary (intrinsic) and
secondary (acquired) mechanisms: primary applies to patients who do not respond to BRAF inhibitor
therapy from the outset (approximately 15% of patients) [52]; whereas secondary mechanisms involve
individuals who initially responded to BRAF inhibitor therapy, but subsequently relapsed [52]. Various
pathways/mechanisms have been shown to potentially be involved in the development of acquired
resistance [52]:
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Activation of the PI3K-Akt pathway by upregulation of specific receptor tyrosine kinases (including
insulin growth factor receptor 1 and platelet derived growth factor receptor β) in a non-ERK dependent
manner, as well as induction of the pathway by epigenetically changed epidermal growth factor (EGFR).
This dual activation of the P13K-Akt pathway promotes resistance, cell survival and proliferation

Activation of the MAPK pathway as a result of NRAS activating mutations, changes leading to
maintenance of RAF dimerization, the ’BRAF inhibitor paradox’ (in which the BRAF inhibitor blocks
MAPK signaling in mutant cells, but activates the MAPK pathway in non-mutant cells), and resistance
to RAF inhibition through activation of HGF and its receptor MET (leading to the reactivation of the
MAPK and P13K-Akt pathways)

Secondary mutations in MEK1 and 2 have both been linked to acquired resistance
The AXL receptor tyrosine kinase has been shown to be overexpressed in patients who have

relapsed after treatment with BRAF and MEK inhibitors.
Combining a BRAF inhibitor with a MEK inhibitor (which acts further downstream on the MAPK

pathway) can delay the development of resistance compared with BRAF inhibitor monotherapy
and provides improved response and survival outcomes [32,56–61]. Consequently, dual MAPK
inhibition with the combination of a BRAF inhibitor plus an MEK inhibitor is a standard-of-care
approach for patients with unresectable or metastatic BRAF-mutant melanoma [62]. Approved
combinations for patients with unresectable or metastatic melanoma include darafenib/trametinib,
vemurafenib/cobimetinib and encorafenib/binimetinib [63]. Combination targeted therapy can also be
beneficial in an adjuvant setting [64], and dabrefenib/trametinib has been approved for use as adjuvant
treatment after complete resection of stage III melanoma [65]. However, in many patients, melanoma
progression eventually occurs and resistance to treatment develops.

This led to an interest in immunotherapeutic agents to extend the therapeutic effect and induce
long-acting anti-melanoma effects, and immune checkpoint inhibitors are another important treatment
option for patients with advanced melanoma [11,16,52]. It has been reported that single-agent
checkpoint inhibitors produced a clear clinical benefit over chemotherapy in metastatic melanoma,
and these benefits appeared to be consistent across patient subgroups [66]. Moreover, combination of
nivolumab plus ipilimumab, an anti- CTLA-4, was significantly more effective in term of objective
response rate, progression-free survival and overall survival relative to ipilimumab used alone [66].
However, because checkpoint receptors play important roles in regulating autoimmunity, the major
toxicities associated with the use of these drugs include autoimmune symptoms. The incidence
of immune-related adverse events is relatively high, varying from 70% in patients treated with
anti-PD-1/anti-PD-L1 antibodies to 90% in patients treated with anti-CTLA-4 [67]. Therefore, it is
important to assess which patients we are dealing with and how they will respond to the therapy.
Despite the noteworthy successes of immune check point blockade, to date, only a subset of patients
achieve durable clinical responses [68]. Indeed, more than half of patients treated with anti-PD1
therapy fail to respond or eventually develop progression [69]. Some of this resistance may be due to
immune mechanisms and, given that BRAF inhibitors (and MEK inhibitors) have favourable effects on
antitumor immunity, switching to combination targeted therapy could help overcome some anti-PD1
resistance mechanisms. Clinical trials to date have demonstrated variable results with regard to efficacy,
but BRAF/MEK-targeted therapy can be considered in patients with BRAF-mutant melanoma who do
not respond to anti-PD1 therapy [69].

The safety and tolerability of treatment is an important clinical consideration. Paradoxical
activation of the MAPK pathway by BRAF inhibitors can increase the risk of the other cutaneous
malignancies developing [31]. Combination therapy with a BRAF inhibitor plus a MEK inhibitor is
associated with reduced dermatological toxicity, although a slightly worse gastrointestinal adverse
event profile, compared with monotherapy [70]. Combination therapy with BRAF inhibitors and some
immunotherapeutic agents can also be associated with increased toxicity; in particular, the combination
of vemurafenib and ipilimumab (an anti-CTLA4 monoclonal antibody) was associated with marked
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hepatotoxicity [21,48]. In contrast, the combination of a BRAF inhibitor with an anti-PDL1 antibody
appears to be well tolerated [21,48].

Looking ahead, clinical trials evaluating the combination of a BRAF inhibitor (with or without a
MEK inhibitor) and immunotherapy are ongoing [21,48]. Given that some studies found promising
clinical responses but a problem with toxicity with certain combinations [71], other trials are evaluating
sequential treatment with targeted therapy and immunotherapy in patients with BRAF-mutant
melanoma, in order to identify the optimal sequencing and timing of treatment [21,48].

6. Conclusions

Advances in the treatment of metastatic melanoma have expanded over the last decade to include
approaches such as targeted molecular therapy and immunotherapy, including T-cell checkpoint
inhibition. These have been driven by the development of resistance to one or more of these therapeutic
methods. The BRAF inhibitors vemurafenib, dabrafenib and encorafenib are used in the treatment
of patients with BRAFV600-mutant advanced melanoma. They selectively target BRAF kinase and
thus interfere with the MAPK signalling pathway that regulates the proliferation and survival of
melanoma cells.

In addition to their molecularly targeted activity, BRAF inhibitors also exhibit immunomodulatory
effects. The MAPK pathway is involved in T-cell receptor signalling, and interference with the
pathway by BRAF inhibitors has beneficial effects on the tumour microenvironment and anti-tumour
immune response in BRAF-mutant melanoma. This is achieved through several different mechanisms
including: increasing immune-stimulatory cytokine levels; decreasing immunosuppressive cytokine
levels; enhancing melanoma differentiation antigen expression and presentation of tumour antigens
by HLA 1; and increasing intra-tumoral T-cell infiltration and activity. Overall, these effects promote
recognition of the tumour by the immune system and enhance anti-tumour T-cell responses in
BRAF-mutant melanoma.

Combining BRAF inhibitors with MEK inhibitors provides more complete blockade of the MAPK
pathway. Moreover, the immunomodulatory effects of BRAF inhibition alone or in combination with
MEK inhibition provide a rationale for combining these targeted therapies with immune checkpoint
inhibitors. Available preclinical data support the synergy between these treatment approaches,
indicating such combinations provide an additional beneficial effect on the tumour microenvironment
and immune response in BRAF-mutant melanoma. Clinical trials are evaluating whether this translates
into an improved clinical response and duration of response in patients. Areas for future research to
address specific issues with the goal of improving treatment outcomes include:

Gaining a better understanding of resistance mechanisms for all potential therapies, through
clinical trials and parallel translational/preclinical studies

Increasing the focus on personalised approaches to patient management, so as to maximise the
benefits of available therapies whilst avoiding unnecessary toxicity

Studies to help define which treatment to start with, optimal dosage regimens/schedules, and
when to consider adding another therapy

Identification of appropriate biomarkers to help physicians make more reliable predictions of
likely response and possible toxicity.
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Abstract: WNT5A is a well-known mediator of melanoma cell invasion and metastasis via its ability
to activate protein kinase C (PKC), which is monitored by phosphorylation of the endogenous
PKC substrate myristoylated alanine-rich c-kinase substrate (MARCKS). However, a possible direct
contribution of MARCKS in WNT5A-mediated melanoma cell invasion has not been investigated.
Analyses of melanoma patient databases suggested that similar to WNT5A expression, MARCKS
expression appears to be associated with increased metastasis. A relationship between the two is
suggested by the findings that recombinant WNT5A (rWNT5A) induces both increased expression
and phosphorylation of MARCKS, whereas WNT5A silencing does the opposite. Moreover,
WNT5A-induced invasion of melanoma cells was blocked by siRNA targeting MARCKS, indicating
a crucial role of MARCKS expression and/or its phosphorylation. Next, we employed a peptide
inhibitor of MARCKS phosphorylation that did not affect MARCKS expression and found that it
abolished WNT5A-induced melanoma cell invasion. Similarly, rWNT5A induced the accumulation
of phosphorylated MARCKS in membrane protrusions at the leading edge of melanoma cells. Our
results demonstrate that WNT5A-induced phosphorylation of MARCKS is not only an indicator of
PKC activity but also a crucial regulator of the metastatic behavior of melanoma and therefore an
attractive future antimetastatic target in melanoma patients.

Keywords: melanoma; invasion; WNT5A; MARCKS; phosphorylation; MANS peptide

1. Introduction

Melanoma is an aggressive skin cancer in which rapid metastasis leads to a short overall
median survival in patients. Initiation of melanoma has been shown to be related to environmental
factors but also to genetic factors [1,2]. Most reasonably, it is in most cases a combination of both
environmental and genetic factors that causes melanoma initiation and its progression to a metastatic
state [3]. Research suggests that multiple pathways are involved not only in the initiation but also
in the fatal metastatic spread of melanoma [1]. Therefore, a detailed understanding of different
metastatic-related signaling pathways associated with invasive events is crucial for the development of
novel therapeutics that would prevent the dissemination of melanoma cells. In this context, WNT5A
signaling has been identified as an important cascade in melanoma progression and metastasis [4–8].
However, characterizing the mechanism of WNT5A signaling in melanoma metastasis has proven
to be challenging and, consequently, knowledge of the downstream molecular partners of WNT5A
signaling is still incomplete. The identification of downstream targets of WNT5A signaling would
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allow the development of a combined and more effective treatment strategy in which not only WNT5A
signaling is directly targeted, but also essential downstream effector(s) of this signaling pathway.

WNT5A modulates melanoma cell behavior via multiple cell surface receptors/co-receptors,
including ROR2 [9] and Frizzleds [10], and downstream molecular targets, such as APT1 [11], IL-6 [12],
and PKC-STAT3 [13], which in turn affect various melanoma cell functions, including migration and
invasion. One clear example of the essential role of WNT5A signaling in melanoma cell dissemination
is the observation that simultaneous inhibition of WNT5A expression (with an anti-IL-6 antibody)
and downstream WNT5A signaling (with the WNT5A antagonistic peptide Box5) effectively impairs
melanoma cell migration and invasion [12]. An important pathway that has been shown to be crucial
for WNT5A-mediated melanoma invasion and metastasis is the protein kinase C (PKC) signaling
pathway, as demonstrated in several studies by Weeraratna and coworkers [8,9,14]. One plausible
explanation for why PKC signaling is important for WNT5A-induced invasion of melanoma cells comes
from the finding that WNT5A/PKC signaling causes epithelial-mesenchymal-transition (EMT)-like
changes in melanoma cells [14], a transformation well known to increase tumor cell invasiveness and
metastasis [15]. Another alternative downstream target of WNT5A-induced PKC signaling in melanoma
cells that so far has only been used to monitor PKC activity in these cells is the phosphorylation of the
endogenous PKC substrate myristoylated alanine-rich C-kinase substrate (MARCKS) [16].

MARCKS is a membrane-bound protein that functions in various important cellular processes,
such as cytoskeletal remodeling, motility, secretion and exocytosis [17]. For instance, MARCKS has been
shown to regulate the actin cytoskeleton and, consequently, the number and length of filopodia [18].
Interestingly, the phosphorylated form of MARCKS has been shown to promote cell motility and
membrane protrusions and significantly affect the invasiveness of several cancer cells [17]. However, a
possible functional role of the MARCKS protein in WNT5A-induced melanoma cell migration and
invasion has not yet been studied.

The aim of the present study was to investigate a potential downstream regulatory role of the
MARCKS protein in WNT5A-mediated invasion of melanoma cells. Our results demonstrate that
WNT5A-induced activation of MARCKS is a necessary molecular event that is crucial for the metastatic
behavior of melanoma cells.

2. Results

2.1. MARCKS Expression and Prognostic Value in Melanoma Tissue and Cells

To evaluate a possible role of MARCKS in melanoma progression, we first investigated its
expression in normal versus melanoma tissue from patients included in the Oncomine database [19].
The Oncomine database contains cancer microarray results, in which transcriptome data can be
compared with respective normal tissue data for most cancers and their subtypes. Our Oncomine-based
analyses revealed that MARCKS mRNA expression is higher in patient-derived melanoma tissue
compared to normal skin tissue samples (Figure S1A,B). To answer the question of whether and how
the melanoma expression of MARCKS is related to prognosis, we analyzed the TCGA melanoma
(TCGA-SKCM) cases using the “R2: genomics analysis and visualization platform” (http://r2.amc.nl).
We have used the “scan modus” cutoff mode of the Kaplan Meier (KM) plot option of the “R2: genomics
analysis and visualization platform” which according to the developers of the R2: platform, conducts
the sample grouping in a more significant manner compared to other cutoff modes included in the
R2: platform. Unfortunately, with this cutoff mode one only obtains a small number of samples with
high MARCKS expression (Figure S1C). Therefore, it is very difficult to draw a solid conclusion with
regard to how MARCKS expression relates to overall survival of melanoma patients. However, to
gain further insight into the cellular mechanisms behind the observation that MARCKS expression
could predict the prognosis of melanoma patients, we used the HOPP melanoma cell line database and
analyzed the association of MARCKS expression with melanoma cell proliferation and invasion [20].
As shown in Figure S1D, MARCKS expression was significantly related to melanoma cell invasion,
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as evidenced by the increased expression levels of MARCKS mRNA in the invasive melanoma cell
lines in comparison with those in proliferative melanoma cell lines (Figure S1D). Taken together, our in
silico analyses suggest a possible role for MARCKS in promoting melanoma metastasis and thereby
reducing the survival of melanoma patients.

2.2. Correlation between MARCKS and WNT5A Expression

The finding that MARCKS expression relates to the progression of melanoma is comparable
to that found for WNT5A expression in relation to melanoma progression. Therefore, we next
explored a possible association between MARCKS and WNT5A expression. We first analyzed the
correlation between MARCKS and WNT5A in the TCGA database melanoma samples using the
www.cbioportal.org data visualization and analysis website. Interestingly, our results revealed a
weak positive correlation between MARCKS and WNT5A mRNA expression in melanoma patient
tissue (Figure S2A). The above observation led us to investigate how the expression of MARCKS and
WNT5A proteins correlated in melanoma cell lines with different WNT5A levels. The results revealed
that all four melanoma cell lines (WM852, HTB63, A375 and A2058) used in our study expressed
significant levels of MARCKS irrespective of their WNT5A levels (Figure S2B–D). Interestingly, WM852
melanoma cells which had higher WNT5A levels (Figure S2B,C) expressed significantly elevated
amounts of MARCKS when compared to the other melanoma cell lines (HTB63, A375 and A2058
cells) (Figure S2B,D). Although we did not find a strong correlation between MARCKS and WNT5A
expression, there are other possibilities whereby these two molecules can be related, for example, via a
WNT5A-induced phosphorylation of the MARCKS protein [16].

2.3. WNT5A Signaling Increases MARCKS Phosphorylation in Melanoma Cells

First, we evaluated the levels of MARCKS phosphorylation at Ser-159/163 and Ser-167/170 sites in
different melanoma cell lines via Western blotting approach (Figure S3). Interestingly, we observed that
the Ser-159 and Ser-163 phosphorylation levels of MARCKS were significantly higher when compared
to the Ser-167 and Ser-170 phosphorylation levels in all tested melanoma cell lines (Figure S3). Our
results support previous reports on MARCKS Ser-159 and -163 phosphorylation [21]. Based on these
results, we decided to focus on the Ser-159/163 phosphorylation of the MARCKS protein and how it
relates to WNT5A signaling and melanoma cell invasion.

Although it has been previously reported that WNT5A/PKC signaling is directly involved in
melanoma cell metastasis via an epithelial-mesenchymal-like transition [8,9,14], the possibility that
WNT5A signaling promotes the invasiveness of human melanoma cells via altered expression or
phosphorylation of MARCKS has not yet been studied. Here, A2058 (Figure 1A–C) and A375
(Figure S4A–C) melanoma cells were exposed to 0.2 µg/mL recombinant WNT5A (rWNT5A) protein
for different time periods (starting at 15 minutes to a maximum of 24 hr) to observe any changes
in total expression and Ser-159/163 phosphorylation levels of MARCKS. Phorbol myristate acetate
(PMA), a PKC activator, was used as a positive control for MARCKS phosphorylation. Interestingly,
the expression of both total MARCKS and phosphorylated MARCKS (Ser-159/163) increased with
increasing time periods of rWNT5A treatment in both A2058 (Figure 1A–C) and A375 (Figure S4A–C)
cells. The WNT5A-mediated increase in total MARCKS expression was statistically significant in A2058
cells after 1 h (Figure 1B) and in A375 melanoma cells after 3 h (Figure S4B) of treatment with rWNT5A.
However, the increase in MARCKS phosphorylation at Ser-159/163 was statistically significant after 15
minutes of rWNT5A treatment in both A2058 (Figure 1C) and A375 melanoma cell lines (Figure S4C).
These results clearly suggest that MARCKS phosphorylation at the Ser-159/163 residues is regulated by
WNT5A signaling in metastatic melanoma cells.
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Figure 1. WNT5A signaling increases the expression and phosphorylation of MARCKS in melanoma 
cells. Western blotting was performed as detailed in the materials and methods section to demonstrate 
the importance of WNT5A signaling in MARCKS regulation. (A) Western blots showing the effect of 
0.2 μg/mL rWNT5A treatment in A2058 melanoma cells at the indicated time points on both the 
expression and phosphorylation of MARCKS. β-Actin was used as a loading control. (B,C) The graphs 
represent the densitometry analysis of (B) total MARCKS and (C) pMARCKS Ser-159/163 levels in 
A2058 melanoma cells. The results (n = 4) are presented as the means ± S.E.M.; *, p < 0.05, **, p < 0.001, 
and ***, p < 0.001. 
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Figure 1. WNT5A signaling increases the expression and phosphorylation of MARCKS in melanoma
cells. Western blotting was performed as detailed in the materials and methods section to demonstrate
the importance of WNT5A signaling in MARCKS regulation. (A) Western blots showing the effect
of 0.2 µg/mL rWNT5A treatment in A2058 melanoma cells at the indicated time points on both the
expression and phosphorylation of MARCKS. β-Actin was used as a loading control. (B,C) The graphs
represent the densitometry analysis of (B) total MARCKS and (C) pMARCKS Ser-159/163 levels in
A2058 melanoma cells. The results (n = 4) are presented as the means ± S.E.M.; *, p < 0.05, **, p < 0.001,
and ***, p < 0.001.

2.4. The MARCKS Protein Is Important for WNT5A-Mediated Invasion of Melanoma Cells

Based on the above results, we speculated that WNT5A-mediated melanoma cell invasion could
be directly dependent on MARCKS expression and/or its phosphorylation. A2058 melanoma cells
expressing very low amounts of WNT5A but with significant expression of the MARCKS protein
(Figure S2B–D) were used to test whether the WNT5A-induced melanoma cell invasion was dependent
on the presence of the MARCKS protein. MARCKS expression was reduced in A2058 melanoma cells
by two different MARCKS siRNAs treatments (Figure 2A–C). Interestingly, stimulation with rWNT5A
caused an increase in the numbers of invasive cells, whereas MARCKS silencing led to a 30–40%
reduction in A2058 melanoma cell invasion compared to the control siRNA-transfected cells (Figure 2D).
Induction of WNT5A signaling via treatment with rWNT5A significantly increased the number of
invasive A2058 cells. Interestingly, however, we observed that rWNT5A exposure could not rescue the
anti-invasive effect of MARCKS siRNA silencing in A2058 melanoma cells (Figure 2D). Importantly,
these results did not discriminate as to whether it was the expression or the phosphorylation status of
MARCKS that is crucial for WNT5A-induced melanoma cell invasion.
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Figure 2. MARCKS is important for WNT5A-mediated melanoma cell invasion. (A) Western blot
analysis of MARCKS and pMARCKS Ser-159/163 in A2058 melanoma cells transfected with two
different MARCKS siRNAs as described in the materials and methods section. β-Actin was used as a
loading control. (B,C) The graphs represent densitometry analyses of (B) MARCKS and (C) pMARCKS
S159/163 levels. The results (n = 4) are presented as the means ± S.E.M.; ***, p < 0.001. (D) Transwell
invasion assays were performed to determine the effect of rWNT5A (0.2 µg/mL) on the invasive capacity
of MARCKS-silenced A2058 melanoma cells. The numbers of invaded cells were quantified using
the NIH ImageJ software, and the results are presented as relative invasion. The results (n = 3) are
presented as the means ± S.E.M.; **, p < 0.001, and ***, p < 0.001.

To test the above results, we decided to take an opposite approach—that is, we reduced WNT5A
signaling and studied its effect on MARCKS expression and phosphorylation. At the same time, we
checked the effect of WNT5A silencing on melanoma cell invasion. We silenced WNT5A in HTB63
melanoma cells with two different WNT5A siRNAs (Figure 3) and observed that there was only a
minor effect on the total MARCKS level (Figure 3A,C). Interestingly, the Ser-159/163 phosphorylation
of MARCKS (Figure 3A,D) was significantly decreased after WNT5A knockdown in HTB63 melanoma
cells. As expected, our invasion assay revealed that WNT5A silencing decreased the invasive capacity
of HTB63 melanoma cells (Figure 3E).
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2.5. Direct Inhibition of MARCKS Phosphorylation Blocks WNT5A-Mediated Melanoma Cell Invasion 

To evaluate whether it is the ability of WNT5A to increase the expression of MARCKS or 
whether it is its ability to elevate the phosphorylation level of MARCKS that is crucial for melanoma 
cell invasion, we took a direct approach to inhibit MARCKS phosphorylation with a cell-permeable 
peptide identical to the MARCKS N-terminus sequence (the MANS peptide), a peptide that does not 
affect MARCKS expression. We tested the effect of MANS and a control peptide on WNT5A-induced 

Figure 3. Inhibition of WNT5A signaling simultaneously reduced cell invasion and the expression
and phosphorylation of MARCKS in melanoma cells. (A) Western blot analyses of MARCKS and
pMARCKS Ser-159/163 in HTB63 melanoma cells transfected with two different WNT5A siRNAs as
described in the materials and methods section. β-Actin was used as a loading control. (B–D) The
graphs represent the densitometry analysis of (B) WNT5A expression, (C) MARCKS expression and
(D) pMARCKS Ser-159/163 levels in WNT5A siRNA-transfected HTB63 melanoma cells. The results
(n = 4) are presented as the means ± S.E.M.; *, p < 0.05, **, p < 0.001, and ***, p < 0.001. (E) Transwell
invasion assays were performed to study the effect of siRNA-mediated inhibition of WNT5A signaling
on the invasive capacity of HTB63 melanoma cells. The numbers of invaded cells were counted using
the NIH ImageJ software, and the results are presented as the relative invasion compared to control
siRNA. The results (n = 5) are presented as the means ± S.E.M.; *, p < 0.05.
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2.5. Direct Inhibition of MARCKS Phosphorylation Blocks WNT5A-Mediated Melanoma Cell Invasion

To evaluate whether it is the ability of WNT5A to increase the expression of MARCKS or whether
it is its ability to elevate the phosphorylation level of MARCKS that is crucial for melanoma cell
invasion, we took a direct approach to inhibit MARCKS phosphorylation with a cell-permeable peptide
identical to the MARCKS N-terminus sequence (the MANS peptide), a peptide that does not affect
MARCKS expression. We tested the effect of MANS and a control peptide on WNT5A-induced A2058
melanoma cell invasion. Previously, the MANS peptide has been shown to inhibit basal lung cancer cell
migration and invasion by specifically inhibiting MARCKS Ser-159/163 phosphorylation [22]. We first
verified the expression of total MARCKS and phosphorylated MARCKS (Ser-159/163) after treatment
with 100 µM RNS (control peptide) or 100 µM MANS (MARCKS phosphorylation inhibitory peptide)
(Figure 4A–C). The phosphorylated MARCKS Ser-159/163 levels were reduced by approximately 35%
in MANS peptide-treated A2058 melanoma cells compared to cells treated with the RNS control peptide
(Figure 4A,C). However, treatment with either of these peptides did not change the expression levels of
MARCKS in A2058 cells (Figure 4A,B). Our observations suggest that the MANS peptide can effectively
and specifically reduce the phosphorylation of MARCKS in melanoma cells. Interestingly, we observed
that the MANS peptide reduced the invasion of A2058 melanoma cells by 50% compared to that of
vehicle-treated cells (Figure 4D). Most importantly, the presence of the MARCKS phosphorylation
inhibitory peptide MANS abolished WNT5A-induced A2058 melanoma cell invasion (Figure 4D).
The RNS control peptide had a small effect on A2058 cell invasion, which was reversed by rWNT5A
treatment (Figure 4D). These observations strongly suggest that WNT5A specifically phosphorylates
MARCKS to promote melanoma cell invasion.

2.6. WNT5A Increases Phosphorylated MARCKS Levels at the Cell edge and the Leading Front, Including Cell
Protrusions of Melanoma Cells

It is well known that lamellipodia-like structures at the cell leading edge are essential for the
ability of cells to migrate and invade. Based on a previous finding that the MARCKS protein has
been implicated in the formation of such structures [23] and our present results, we speculated
that WNT5A signaling could promote melanoma cell migration and invasion via translocation of
phosphorylated MARCKS to the leading edge of melanoma cells. We investigated A2058 melanoma
cells exposed to rWNT5A for any changes in the subcellular localization of MARCKS by confocal
microscopy (Figure 5). Interestingly, our quantitative results further revealed that the fluorescence
intensity of phosphorylated MARCKS was significantly higher at the cell periphery (Figure 5A,B)
and at the leading edge (Figure 5A,C) of A2058 melanoma cells exposed to rWNT5A compared to
the vehicle (control)-treated cells. Since MARCKS phosphorylation hinders its actin cross-linking
ability, we wanted to study the consequence(s) of WNT5A-mediated MARCKS phosphorylation for
the F-actin network of melanoma cells. We quantified the F-actin content at the cell leading edge
with high phospho-MARCKS and noticed a significantly decreased fluorescence intensity of F-actin
(Figure 5A,D). Overall, these findings add further support for an essential role of phosphorylated
MARCKS protein in WNT5A-mediated melanoma cell migration and invasion and indicate that
WNT5A-induced translocation of MARCKS to the leading edge of a melanoma cell is an essential step
for how WNT5A participates in melanoma cell migration and invasion.
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invasion. Western blotting and transwell invasion assays were performed to evaluate the specific role 

Figure 4. MARCKS phosphorylation-specific peptide MANS blocks WNT5A-induced melanoma cell
invasion. Western blotting and transwell invasion assays were performed to evaluate the specific role of
MARCKS phosphorylation in WNT5A-promoted melanoma cell invasion. (A) Western blots showing
the expression of total MARCKS and levels of pMARCKS Ser-159/163 in 100 µM RNS- or MANS
peptide-treated A2058 melanoma cells. Representative blots of five separate experiments are shown here.
(B,C) The graph represents the densitometry analysis of (B) MARCKS and (C) pMARCKS Ser-159/163
levels normalized against total MARCKS levels. The results (n = 5) are presented as the means ± S.E.M.;
***, p < 0.001. (D) Effect of the direct inhibition of pMARCKS on WNT5A-induced melanoma cell
invasion was evaluated by transwell cell invasion assay as mentioned in the materials and methods
section. (D) Graph showing the relative melanoma cell invasion of rWNT5A unstimulated/stimulated
and RNS peptide- or MANS peptide-treated A2058 melanoma cells. The results (n = 4) are presented as
the means ± S.E.M.; *, p < 0.05, and ***, p < 0.001.
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left (main) images. Representative images of three independent experiments are shown here. The 
graphs show the (B) integrated fluorescence intensity of pMARCKS Ser-159/163 at the cell edge 
(including the protrusions) in control vs WNT5A-treated A2058 melanoma cells quantified using 
CellProfiler software. (C) Integrated fluorescence intensity of pMARCKS Ser-159/163 at the leading 
edge of control vs WNT5A-treated A2058 melanoma cells was quantified using the Zeiss LSM-700 
microscope image analysis software (D) F-actin intensity at the cell edge of control vs WNT5A-treated 
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0.001. 

2.7. RhoA-ROCK Signaling Also Contributes to WNT5A-Induced Phosphorylation of MARCKS to Increase 
Invasiveness of Melanoma Cells 

Although MARCKS phosphorylation has previously been used as an indication of WNT5A-
mediated PKC activation in melanoma [16], a recent report by Tanabe et al. indicated that RhoA-
ROCK signaling can also contribute to MARCKS phosphorylation in human neuroblastoma cells [24]. 
This prompted us to directly test whether RhoA-ROCK signaling is also involved in WNT5A-

Figure 5. WNT5A signaling promotes the localization of phosphorylated MARCKS to the edge
of melanoma cells. (A) A2058 melanoma cells were treated with 0.2 µg/mL rWNT5A, and
immunofluorescence staining experiments were performed to study the localization of pMARCKS
Ser-159/163 as described in the materials and methods section. (A) The images on the left show
the pMARCKS Ser-159/163 localization in untreated and rWNT5A-treated A2058 melanoma cells.
The images to the right identified as a1 and a2 are the magnified region of the marked areas/regions
of the left (main) images. Representative images of three independent experiments are shown here.
The graphs show the (B) integrated fluorescence intensity of pMARCKS Ser-159/163 at the cell edge
(including the protrusions) in control vs WNT5A-treated A2058 melanoma cells quantified using
CellProfiler software. (C) Integrated fluorescence intensity of pMARCKS Ser-159/163 at the leading
edge of control vs WNT5A-treated A2058 melanoma cells was quantified using the Zeiss LSM-700
microscope image analysis software (D) F-actin intensity at the cell edge of control vs WNT5A-treated
A2058 melanoma cells was quantified using CellProfiler software. Two-tailed unpaired Student’s t test
was performed, and the above results are presented as the means ± S.E.M., **, p < 0.05, ***, p < 0.001.

2.7. RhoA-ROCK Signaling Also Contributes to WNT5A-Induced Phosphorylation of MARCKS to Increase
Invasiveness of Melanoma Cells

Although MARCKS phosphorylation has previously been used as an indication of
WNT5A-mediated PKC activation in melanoma [16], a recent report by Tanabe et al. indicated
that RhoA-ROCK signaling can also contribute to MARCKS phosphorylation in human neuroblastoma
cells [24]. This prompted us to directly test whether RhoA-ROCK signaling is also involved in
WNT5A-mediated phosphorylation of MARCKS in melanoma cells. Our results showed that both
a PKC inhibitor and a ROCK inhibitor inhibited approximately 50% of WNT5A-induced MARCKS
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phosphorylation in A2058 (Figure 6A,B) and A375 (Figure S5A,B) melanoma cells compared to the
vehicle-stimulated controls. Interestingly, the combined inhibition of PKC and ROCK signaling
caused more than 90% inhibition of MARCKS phosphorylation in both A2058 (Figure 6A,B) and
A375 (Figure S5A,B) melanoma cell lines, and this inhibition could not be rescued by cotreatment
with rWNT5A. These results indicate that both PKC and RhoA-ROCK are important signals for
WNT5A-mediated phosphorylation of MARCKS. Next, the invasion assay results revealed that a
combination of a PKC and a ROCK inhibitor blocked the basal invasion of A2058 melanoma cells
by at least 50%. More importantly, we observed that rWNT5A treatment had no significant effect
on the invasion of A2058 melanoma cells in the simultaneous presence of a PKC and a ROCK
inhibitor (Figure 6C). These observations demonstrate a dual signaling phenomenon whereby both the
WNT5A-PKC and WNT5A/RhoA-ROCK signaling pathway contribute to MARCKS phosphorylation,
thereby dictating its essential role in melanoma cell invasion.
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Figure 6. WNT5A-induced RhoA-ROCK signaling also contributes to MARCKS phosphorylation
and melanoma cell invasion. Western blotting and transwell invasion assays were performed as
described in the materials and methods section to investigate the intermediate signaling regulator of
WNT5A-mediated phosphorylation of MARCKS in melanoma cell lines. (A) Western blot analysis of
A2058 melanoma cells showing the rWNT5A-induced phosphorylation of MARCKS Ser-159/163 in
untreated cells and A2058 melanoma cells treated with individual or combination of a PKC inhibitor
(Gö6983) and/or ROCK inhibitor (Y-27632). β-Actin was used as a loading control. (B) The graph
represents the densitometry analysis of phosphorylated-MARCKS normalized against total MARCKS
using Bio-Rad ImagePro 6.0 software. The results (n = 5) are presented as the means ± S.E.M.;
***, p < 0.001. (C) Transwell invasion assays were performed to evaluate the effect of rWNT5A on the
invasion capacity of PKC inhibitor- and ROCK inhibitor-treated A2058 melanoma cells. The number of
invaded cells was counted using the NIH ImageJ software, and the results are presented as relative
invasion. The results (n = 4) are presented as the means ± S.E.M.; ***, p < 0.001.
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3. Discussion

Melanoma is well known for its pronounced metastatic behavior, making this cancer type one of
the most aggressive. Several different regulators, including WNT5A and their complex downstream
signaling pathways, have been identified to control various aspects of melanoma metastasis. In this
study, we identified MARCKS phosphorylation as a novel WNT5A downstream signal crucial for
melanoma cell invasion, a key event in the metastatic process.

Although WNT5A/PKC signaling has been previously reported to promote melanoma cell
migration and invasion resulting in increased metastasis [14,25], a functional role of the PKC substrate
MARCKS has not been studied. Rather, the WNT5A/PKC signal has been shown in melanoma cells to
result in an EMT process that was suggested to explain how this signaling pathway caused elevated
invasion leading to increased metastasis [14]. Previously, the phosphorylation status of the MARCKS
protein has only been used as an indicator of WNT5A-mediated PKC activation in melanoma cells [16].
In the present study, we used online melanoma database analyses to demonstrate that MARCKS
expression was increased in melanoma tissue and that it was directly associated with melanoma
patient survival and melanoma cell invasiveness. Despite the fact that these databases are based on
mRNA analyses and do not necessarily reflect the actual protein levels, these observations suggest
that MARCKS expression could be associated with melanoma progression. Interestingly, the database
findings on MARCKS are very similar to those of the WNT5A ligand, which is well known for its
ability to promote melanoma invasion and metastasis [8] and has been shown to activate PKC [13,14].

By investigating a possible role of the MARCKS protein in melanoma progression and its relation
to WNT5A, we found that siRNA silencing of MARCKS resulted in markedly reduced expression of
not only total MARCKS but also of phosphorylated MARCKS, in parallel with a reduced invasive
capacity of melanoma cells. Most interestingly, the ability of WNT5A to stimulate the invasiveness
of MARCKS siRNA-silenced melanoma cells was completely abolished, suggesting an essential
WNT5A-downstream signaling role of MARCKS in its ability to induce melanoma cell invasion. This
notion was further supported by our findings that siRNA silencing of WNT5A reduced not only the
total expression of MARCKS but also the level of phosphorylated MARCKS. Similarly, reconstitution of
WNT5A signaling by rWNT5A in cells with very low expression of WNT5A increased not only the total
expression of MARCKS but also its phosphorylation level. Although the effector domain of MARCKS,
also called the phosphorylation site domain, has, once it is phosphorylated, been reported to mediate
the association of the MARCKS protein with other cellular components leading to altered cellular
functions [24,26,27], siRNA silencing of MARCKS does not determine if it is the total expression of
MARCKS or its phosphorylation that is essential for WNT5A-induced melanoma cell invasion.

Using the MANS peptide, a cell permeable inhibitor of MARCKS phosphorylation [22,28], we were
able to specifically abolish MARCKS phosphorylation without altering its expression. This approach
allowed us to completely abolish WNT5A-induced melanoma cell invasion, thus demonstrating for
the first time a crucial role of MARCKS phosphorylation in WNT5A-driven melanoma cell invasion.
Previously, it has been documented that the MANS peptide could effectively block endogenous
fibroblast migration by blocking MARCKS phosphorylation [28]. Interestingly, in another report, Chen
and coworkers demonstrated that the MANS peptide could reduce the basal level of lung cancer cell
invasion [22]. However, these studies focused on the importance of MARCKS for basal invasiveness of
cells and not on the possibility that an external ligand could overcome the inhibition of basal cancer
cell migration or invasion.

Since MARCKS is an actin-binding protein and phosphorylation of MARCKS could affect actin
dynamics and thereby modulate melanoma cell motility and/or invasion, we further studied the
molecular and subcellular events during WNT5A-mediated MARCKS phosphorylation in melanoma
cells. Our observation of a crucial role of WNT5A-induced MARCKS phosphorylation in regulation of
melanoma cell migration and invasion was further substantiated by the findings that MARCKS localized
at the cell leading edge and lamellipodia and filopodia-like protrusions, indicating that WNT5A, by
inducing MARCKS phosphorylation at the cellular edge, could modulate the cytoskeleton to influence
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melanoma cell invasion. It has been recently reported that PKC-induced MARCKS phosphorylation
impairs cell polarization by destabilizing and redistributing the F-actin network [29]. Although
there are no reports showing that WNT5A-induced MARCKS phosphorylation could affect F-actin
rearrangement in cancer cells, an interesting study by Iioka et al. demonstrated that noncanonical
WNT11 signaling via MARCKS regulates cortical actin dynamics and the formation of lamellipodia-
and filopodia-like protrusions [30]. Our observation of a decreased F-actin content at the cell edge
suggests that WNT5A signaling by phosphorylating MARCKS interferes with the MARCKS F-actin
binding ability and destabilizes the F-actin network at the cell edge to favor melanoma cell invasion.

Interestingly, we demonstrated that inhibition of PKC and ROCK signaling blocked
WNT5A-mediated MARCKS phosphorylation and melanoma cell invasion, which indicated that both
PKC and RhoA-ROCK, as intermediate signaling pathways, are crucial during WNT5A-regulated
MARCKS function. Interestingly, both PKC and RhoA-ROCK signaling are known to lead to MARCKS
phosphorylation [17,22,24,29]. Furthermore, PKC and ROCK signaling has been documented as an
important event in actin cytoskeletal remodeling, which is essential for cellular rearrangements during
convergence, extensions movements [31] and human adipose stem cell regeneration [32]. The present
finding that a signaling ligand mediates MARCKS phosphorylation via a simultaneous activation
of PKC and RhoA-ROCK pathways has not been previously described in any cancer model. Since
MARCKS phosphorylation is important for the control of actin dynamics, our novel observations of PKC
and RhoA-ROCK signaling being involved in melanoma cell invasion mediated by WNT5A-induced
MARCKS phosphorylation, suggest the importance of these signaling pathways in melanoma. Our
study shed light on the previously unknown molecular events associated with WNT5A signaling that
regulate MARCKS phosphorylation, which is crucial for melanoma metastasis.

4. Materials and Methods

4.1. Cell Culture and Reagents

The WM852 melanoma cell line was procured from the Coriell Institute (Camden NJ, USA)
and maintained in RPMI-1640 medium. The HTB63, A375 and A2058 melanoma cell lines were
purchased from ATCC (Old Town Manassas, VA, USA). HTB63 melanoma cells were cultured in
McCoy’s 5A medium, and both A375 and A2058 melanoma cell lines were cultured in DMEM.
The culture medium for all the cell lines was supplemented with 10% FBS, antibiotics and L-glutamine.
The supplier confirmed the genetic authentications of all the cell lines, and no cell line was used for
more than four years. All cell lines were routinely screened for the absence of mycoplasma infection.
The PKC-inhibitor (Gö6983) and ROCK-inhibitor (Y-27632) were procured from Selleckchem (Munich,
Germany). The predesigned siRNAs used in this study were obtained from Thermo Fischer Scientific
(Waltham, MA, USA).

4.2. Western Blotting

Briefly, treated and untreated cells from separate experiments were lysed, and the protein
concentration was quantified using the Bradford’s method (Sigma-Aldrich, Stockholm, Sweden). SDS
gel electrophoresis was performed, and the protein bands were transferred to a PVDF membrane
for Western blotting. Western blotting was conducted using primary mouse anti-MARCKS (Santa
Cruz Biotechnology, Dallas, TX, USA; dilution 1:1000), rabbit anti-phospho-Ser-159/163 MARCKS
(Cell Signaling Technology, Danvers, MA, USA; dilution 1:1000), rabbit anti-phospho-Ser-167/170
MARCKS (Cell Signaling Technology, dilution 1:500), goat anti-WNT5A (R&D Systems, Minneapolis,
MN, USA; dilution 1:100), and anti-β-actin (Sigma-Aldrich, dilution 1:30,000) antibodies and secondary
HRP-conjugated rabbit anti-goat, goat anti-mouse or goat anti-rabbit antibodies (Dako, Santa Clara,
CA, USA; dilution 1:10,000). Western blot images were obtained using a ChemiDocTM imaging system
(Bio-Rad, Hercules, CA, USA). The densitometry quantifications of relative protein expression were
conducted using Image Lab software (version 6.0, Bio-Rad).
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4.3. MANS and RNS Peptide Synthesis and Treatment

The MANS and RNS peptides were custom synthesized by CASLO ApS (Lyngby, Denmark).
The peptides were obtained as lyophilized powder. The MANS peptide is a specific MARCKS
phosphorylation inhibitory peptide that consists of a sequence matching the first 24 amino acids
of the MARCKS myristoylated N-terminal region [22]. The sequence of the MANS peptide was
MA-GAQFSKTAAKGEAAAERPGEAAVA (where MA is the N-terminal myristate chain), and the RNS
control peptide sequence was MA-GTAPAAEGAGAEVKRASAEAKQAF, meaning that it had the same
amino acid content as the MANS peptide but randomly rearranged. The peptides were dissolved in 1×
sterile PBS. A2058 melanoma cells were pretreated for 24 h with 100 µM RNS or MANS peptide before
the different experiments were performed as described in the results section and in the figure legends.

4.4. Transwell Cell Invasion Assay

The transwell cell invasion method was performed to quantify the number of invaded cells after
different treatment conditions. Briefly, 50,000 melanoma cells/inserts were used to compare cell invasive
capacities after different treatment/transfection conditions. After treatment, the invaded melanoma
cells were fixed in 70% ethanol and stained with crystal violet. The noninvaded cells were removed
from the insert membrane using wet cotton swabs followed by washing. Images of the invaded cells
were captured using an inverted microscope (Nikon, Tokyo, Japan), and the cell numbers were counted
using cell counter plugins of the NIH ImageJ software.

4.5. Transient Gene Silencing Using siRNA

The different melanoma cells were transfected with either MARCKS or WNT5A siRNAs using
Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the
manufacturer’s instructions. All predesigned siRNA oligonucleotides were purchased from Thermo
Fischer Scientific (Waltham, MA, USA). The siRNAs were provided as lyophilized powder and
resuspended in nuclease-free water (supplied by the manufacturer) prior to transfection. Approximately
400,000 cells/well of either A2058 or HTB63 melanoma cells were transfected with 100 nM negative
control (NC) siRNA (#4390843), anti-MARCKS siRNA#1 (s8636), anti-MARCKS siRNA#2 (243176),
anti-WNT5A siRNA#1 (s14871), or anti-WNT5A siRNA#2 (s14872) siRNA oligonucleotides.

4.6. Immunofluorescence Staining, Confocal Imaging and Image Analysis

Approximately 5000 cells/coverslip of adherent A2058 melanoma cells were treated with 0.2 µg/mL
rWNT5A for 1 hr. For phosphorylated MARCKS staining, the cells on the coverslips were fixed with
4% paraformaldehyde for 10 minutes at room temperature, washed with cold 1xPBS, and then blocked
in 2% BSA and 0.1% Triton X-100 in 1× PBS for 1 h. After blocking, the cells were incubated in the
presence of an anti-phospho-MARCKS (Ser-159/163) antibody (dilution 1:100) overnight at 4 ◦C. After
the primary antibody incubation, the cells were washed three times with cold 1× PBS and incubated
with a secondary anti-rabbit antibody conjugated to Alexa Fluor® 488 (Invitrogen, dilution 1:250) and
phalloidin-TRITC (Sigma-Aldrich, dilution 1:400) for 1 hr at room temperature in the dark. Cells were
washed three times with cold 1× PBS, and their nuclei were counterstained with DAPI. The coverslips
containing stained cells were mounted with a fluorescent mounting solution (Dako) on glass slides and
kept overnight at 4 ◦C for curing. The fluorescence images were captured under a 63× oil objective
using a confocal microscope (LSM 700, Carl Zeiss, Oberkochen, Germany). Image analyses were
performed using the microscope software and CellProfiler image analysis software [33]. The cells
clearly showing a leading cell edge were selected from independent experiments to quantify the
phospho-MARCKS (Ser-159/163) fluorescence intensity at the leading edge by LSM700 microscope
image acquisition and analysis software (Carl Zeiss). Regions of interest (ROIs) at the cell leading edge
were marked manually, and the fluorescence intensity values obtained in those regions were used
for quantification. The CellProfiler pipelines for fluorescence intensity measurement at the cell edge
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were set to quantify the fluorescence intensity at the edge of the cell membrane and cell protrusions
(integrated fluorescence intensity at the edge) for the localization of phosphorylated MARCKS in
rWNT5A untreated and treated cells.

4.7. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8.0 software. All multiple group
analyses were verified for significance using ANOVA complemented with Dunnett’s test (when
comparing with control) or Bonferroni’s multiple comparison test (when comparing all the groups).
Significant differences between two groups were assessed using unpaired two-tailed Students’ t-tests.
The results are presented as the mean ± S.E.M. Differences were considered significant when p < 0.05.

5. Conclusions

Our study demonstrates multiple novel findings outlining an essential role of MARCKS
phosphorylation in WNT5A-induced melanoma cell invasion. The basis for this conclusion comes from
our findings that MARCKS expression might be associated with melanoma progression and patient
survival, WNT5A signaling triggers increased expression and phosphorylation of MARCKS, WNT5A
increased the localization of phosphorylated MARCKS at the cell leading edge and in its protrusions
and, most importantly, blocking MARCKS phosphorylation with the MANS peptide without affecting
its expression abolished WNT5A-mediated melanoma cell invasion. These findings provide the basis
for a new antimetastatic treatment strategy that involves the simultaneous targeting of WNT5A and
MARCKS signaling in malignant melanoma patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/2/346/s1,
Figure S1: MARCKS is positively associated with melanoma progression and poor overall survival of melanoma
patients, Figure S2: Metastatic melanoma cells express significant levels of MARCKS and WNT5A, Figure S3:
Phosphorylation levels of MARCKS at Ser-159 and Ser-163 are predominant in metastatic melanoma cells, Figure S4:
WNT5A signaling increases the expression and phosphorylation of MARCKS in A375 melanoma cells, Figure S5:
PKC and RhoA-ROCK signaling are also important for WNT5A-mediated phosphorylation of MARCKS in A375
melanoma cells, Additional Materials Related to Western Blotting Experiments: Whole blots for Western blotting
experiments in the main figures are added to this section.
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